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Abstract 
Alkaline-earth and cobalt-based perovskite oxides stand out in the family of mixed oxygen ionic and 
electron conducting (MIEC) materials as a result of their extraordinary transport properties. These 
cubic perovskites are renowned for their potential applications toward oxygen separating membranes 
used in membrane reactors, as well as for cathodes in solid-oxide fuel cells. However, their reliable 
use can be hindered by phase decomposition of the cubic perovskite structure at intermediate 
temperatures (773-1073 K), as well as poor chemical stability in the presence of CO2. Within the 
scope of the presented thesis, both of these major issues were extensively studied. Seven original 
research articles were produced during the course of this work, including a discussion of how these 
problems can be solved.  
In chapter 2, the decomposition process of (Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ and 
(Ba0.8Sr0.2)(Co0.8Fe0.2)O3-δ at temperatures below 1173 K was elucidated using powder X-ray 
diffraction (XRD) and various transmission electron microscopy (TEM) techniques. Transformation of 
the cubic perovskite structure into hexagonal or hexagon-related perovskite phases was observed in 
both systems. This process was driven by a combined valence and spin-state transition of cobalt 
cations, leading to considerable diminution of their effective ionic radii. Large effective ionic radii are 
not tolerated in cubic perovskite structures that contain large barium and strontium cations.  
Hence, the cubic perovskite structure of alkaline earth-based perovskite at intermediate 
temperatures can be stabilized by the substitution of cobalt with iron in the crystal lattice. This aspect 
is discussed in chapter 3 via the introduction of a novel cobalt-free perovskite material 
(Ba0.5Sr0.5)(Fe0.8Cu0.2)O3-δ. Apart from its excellent phase stability at relevant temperatures, the 
(Ba0.5Sr0.5)(Fe0.8Cu0.2)O3-δ membrane exhibits the highest oxygen permeation flux of known cobalt-free 
materials so far. 
Chapter 4 summarizes the effect of CO2 on (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3-δ and Ba(CoxFeyZrz)O3-δ 
perovskites, which were developed as an alternative to cobaltites because of their enhanced phase 
stability at intermediate temperatures and because of their desirable thermo-mechanical properties. It 
was found that the oxygen permeation performance of both membrane materials broke down 
completely in the presence of CO2. Furthermore, the perovskites were partially decomposed into 
carbonates and distorted perovskite phases after contact with CO2, which was accompanied by the 
segregation of zinc or cobalt, respectively, as confirmed through (in-situ) XRD and TEM investigation. 
It was also discovered that the oxygen permeation and membrane microstructures were fully 
recovered under CO2-free conditions. 
The assumption that calcium-containing, perovskite-like (La0.6Ca0.4)(Co0.8Fe0.2)O3-δ and 
(La0.6Ca0.4)FeO3-δ may provide CO2-stable membrane materials, owing to the lower thermodynamic 
stability of calcium carbonate compared with barium- and strontium-carbonate, is discussed and finally 
confirmed in chapter 5. An alternative approach to overcome CO2-intolerance lies in the concept of 
alkaline-earth free dual-phase membranes. This concept is also presented in chapter 5. Membranes 
containing 40 wt. % NiFe2O4, as the electronic conductor, and 60 wt. % Ce0.9Gd0.1O2-δ, as the 
electrolyte, can be considered promising materials for applications that require the presence of CO2.  
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Zusammenfassung 
Oxide mit Perowskitstruktur, die Erdalkalimetalle sowie Cobalt enthalten, ragen aufgrund ihrer 
außergewöhnlichen Transport-Eigenschaften in der Klasse der gemischt Sauerstoff-Ionen und 
elektronenleitenden Materialien heraus. Allerdings wird ihre großtechnische Anwendung, z.B. in 
Membranreaktoren oder als Kathode in Fest-Oxid Brennstoffzellen, erschwert, da sich die kubischen 
Perowskit Strukturen im mittleren Temperaturbereich (773-1073 K) zersetzen. Desweiteren zeigen 
Erdalkalimetall-haltige Oxide eine schlechte chemische Stabilität gegenüber CO2. Im Rahmen der 
vorgelegten Dissertation werden die genannten Problemstellungen sowie mögliche Lösungsansätze 
intensiv diskutiert, woraus sieben Forschungsarbeiten resultierten. 
In Kapitel 2 wird der Zersetzungsprozess, der unterhalb von 1173 K eintritt, von 
(Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ und (Ba0.8Sr0.2)(Co0.8Fe0.2)O3-δ  mit Hilfe der Röntgenpulverdiffraktometrie 
(XRD) und der Transmissionselektronenmikroskopie (TEM) untersucht. In beiden Systemen findet 
eine Umwandlung in hexagonale oder hexagonal verzerrte Phasen statt. Triebkraft dieser 
Umwandlung ist ein gekoppelter Valenz- und Spinübergang der Cobaltkationen, wodurch der 
Ionenradius verringert wird, was durch die kubische Perowskitstruktur nicht toleriert wird. 
Die kubische Perowskitstruktur kann im mittleren Temperaturbereich stabilisiert werden, indem 
Cobalt durch Eisen ersetzt wird. Dies wird in Kapitel 3 anhand des neuen Cobalt-freien 
Perowskitmaterials (Ba0.5Sr0.5)(Fe0.8Cu0.2)O3-δ gezeigt. Neben exzellenter Stabilität im relevanten 
Temperaturbereich, weist die (Ba0.5Sr0.5)(Fe0.8Cu0.2)O3-δ Membran den höchsten Sauerstofffluss aller 
bekannten Cobalt-freien Materialien auf.  
Kapitel 4 behandelt den Einfluss von CO2 auf die Perowskite (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3-δ und 
Ba(CoxFeyZrz)O3-δ. Diese wurden als Alternative zu Cobaltiten entwickelt, da sie erhöhte 
Phasenstabilität im mittleren Temperaturbereich sowie verbesserte thermomechanische 
Eigenschaften besitzen. In Anwesenheit von CO2 jedoch brach die Sauerstoffionenleitfähigkeit beider 
Membranmaterialien komplett ein. (In-situ) XRD sowie TEM Untersuchungen zeigten, dass sich die 
Perowskite unter CO2-Einwirkung teilweise in Carbonate und verzerrte Perowskitphasen zersetzten. 
Unter CO2-freien Bedingungen wurden die Mikrostruktur und die Sauerstoffionenleitfähigkeit beider 
Membranen vollständig regeneriert.  
In Kapitel 5 wird die Annahme bestätigt, dass die Calcium-haltigen Perowskite 
(La0.6Ca0.4)(Co0.8Fe0.2)O3-δ und (La0.6Ca0.4)FeO3-δ CO2-stabil sind, was auf die schlechtere 
thermodynamische Stabilität von Calciumcarbonat gegenüber Barium- und Strontiumcarbonat 
zurückgeführt werden kann. In diesem Kapitel wird zusätzlich das Konzept Erdalkali-freier Dual-
Phasen Membranen vorgestellt, um dem Problem der CO2-Intoleranz zu begegnen. Das Material mit 
der neuen Zusammensetzung aus 40 Gew.-% NiFe2O4 (Elektronenleiter) und 60 Gew.-% 
Ce0.9Gd0.1O2-δ (Elektrolyt) kann in Anwendungen unter CO2-haltiger Atmosphäre als besonderes 
vielversprechend angesehen werden. 
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For all articles, I greatly acknowledge the beneficial encouragement of my co-authors, in particular 
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(Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ (BSCF) and (Ba0.8Sr0.2)(Co0.8Fe0.2)O3-δ perovskites at temperatures below 
1173 K. In the first article, entitled TEM study of BSCF perovskite decomposition at intermediate 
temperatures, experimental investigations and data interpretation were carried out by me. I appreciate 
the collaboration of Dr. Qiang Xu from TU Delft (Netherlands), who provided me with the opportunity to 
work with an FEI Titan transmission electron microscope (TEM), according to the 026019 ESTEEM 
integrated infrastructure initiative from the European Union. The second article in this assembly, 
Oxygen-vacancy related structural phase transition of Ba0.8Sr0.2Co0.8Fe0.2O3-δ, was written by Dr. Zhèn 
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includes refinements of the X-ray diffraction (XRD) patterns for this material and the interpretation of 
data achieved from the XRD and TEM investigations.  
The experimental work for the article A long-term stable cobalt-free oxygen-permeable perovskite-
type membrane in chapter 3 was conducted by the competent student apprentice Torben Halfer and 
me in equal shares. I carried out the data interpretation and manuscript preparation for this study. I 
would like to thank Dipl.-Chem. Alexander Kuhn for electrical conductivity measurements and Prof. Dr. 
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Chapter 4 provides an understanding of studies concerning the poisoning effect of CO2 on 
Ba(CoxFeyZrz)O3-δ (BCFZ) and (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3-δ. The article In-situ X-ray diffraction study of 
carbonate formation and decomposition in perovskite-type BCFZ arose from the successful and very 
pleasant cooperation of my colleague Dr. Oliver Czuprat, who carried out oxygen permeation 
experiments on BCFZ hollow fiber. I performed in-situ XRD and TEM investigations, as well as the 
data analysis and manuscript development for this work. Within the second article, Performance of 
zinc-doped perovskite-type membranes at intermediate temperatures for long term oxygen permeation 
and under carbon dioxide atmosphere, I carried out scanning electron microscopy (SEM) and TEM 
examinations. Furthermore, Dr. Lars Robben from the Institut für Mineralogie of the Gottfried Wilhelm 
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1  Introduction 
1.1 Motivation 
The global consumption of energy continues to rise steadily, while global energy resources are 
becoming more and more restricted. Because of the increasing world population and economic growth 
of developing countries, the energy supply problem will become an acute challenge in the near future. 
Furthermore, about 80% of the world currently uses energy that is produced from fossil fuels [1]. This 
use may lead to incalculable consequences for the environment, like global climate change. Hence, a 
challenge of material sciences-oriented chemistry research is to develop materials that transform the 
present technical processes into more energy-saving and environmentally friendly methods, as well as 
to invent novel and energy-efficient procedures. A class of materials that could meet these 
requirements is mixed oxygen ionic and electron conducting (MIEC) ceramics that are based on 
complex oxides with perovskite or perovskite-related structures. 
 
Figure 1.1: Application fields of MIEC membrane materials. 
 
Over the last two decades, MIEC ceramics have gained a lot of attention in industry and from 
academia as a result of their versatile application potential as membrane materials [2]. Owing to their 
ability to separate oxygen from gas mixtures with infinite selectivity, MIEC membrane materials with a 
perovskite structure can be applied in many industrial processes where a constant supply or removal 
of oxygen is required [8]. Figure 1.1 summarizes exemplary application fields of MIEC materials, when 
used as membranes and as crucial components of integrated systems. Recently, MIEC membranes 
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have gained additional interest because of their potential application for CO2 capture in the oxygen 
supply of power stations, according to the pre-combustion and oxyfuel concepts [9]. Both processes 
utilize air separation to obtain pure oxygen prior to fuel combustion. In pre-combustion, pure oxygen is 
used to perform a CO-CO2 shift reaction [10]. On the other hand, in the oxyfuel process, fuel is burned 
with nitrogen-free oxygen, which allows ideal capturing of the CO2 as a single product after steam 
condensation [11,12]. 
Furthermore, the MIEC perovskites can be used in membrane reactors that are integrated with a 
catalyst. This method enables combination of the chemical reaction and product separation steps in 
one device unit. This process results in energy and raw materials savings, as well as in reduced costs 
[13]. Important catalytic processes, such as partial oxidation and oxidative dehydrogenation of 
hydrocarbons, as well as the splitting of nitrogen oxides and water, can be successfully carried out in 
MIEC perovskite-based membrane reactors [14-17]. 
 
 
 
Figure 1.2: Schematic of a solid oxide fuel cell with the Siemens–Westinghouse tubular design [13].  
 
Solid oxide fuel cells (SOFCs) can be considered one of the most important fields of application for 
MIEC materials [13,14]. The main advantage of fuel cells is their ability to convert chemical energy 
directly into electricity, resulting in higher efficiency energy production compared with conventional 
methods [15]. A fully ceramic SOFC that is operated in the temperature range 773-1273 K can utilize 
hydrogen, natural gas, or hydrocarbons without the Carnot limitation [16]. Figure 1.2 schematically 
illustrates an SOFC with a tubular design, which consists of MIEC electrodes, a ceramic electrolyte, 
and an interconnector. The electrodes are separated by gas-tight electrolytes. The oxygen in the 
oxidant is reduced into ions at the cathode side and incorporated in the cathode material, because of 
its MIEC properties. The oxygen ions are then transported through the electrolyte, which is an ionic 
conductor, to the anode side. At this location, oxygen ions combine with the fuel in a cold combustion 
process. The electrons, which form during this oxidation reaction, will be routed via an interconnector 
back to the cathode side, where further reduction of oxygen takes place. Thus, electrical power can be 
generated using the cell. A key factor for the performance of an SOFC lies in its high catalytic activity 
for oxygen reduction and high electrical conductivity of the cathode material [17]. Because some 
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perovskite ceramics exhibit good oxygen reduction properties, as well as high oxygen ionic and 
electrical conductivities, they can be considered promising SOFC cathode materials. 
The pioneering work of Teraoka et al. in the 1980s initiated extensive investigations into MIEC 
materials by many research groups around the world up to the present time [18,19]. During this time, a 
number of materials were developed that may be applied in the aforementioned industrial processes 
[20]. However, some general issues were also revealed that hindered the final breakthrough of MIEC 
materials. These problems often related to the high operating temperatures of devices that contain 
MIEC components, like SOFC and membrane reactors. Conventionally, SOFCs are usually operated 
at temperatures around 1273 K. This high operating temperature is required to improve the electrode 
reaction kinetics. However, among other things these temperatures can lead to interfacial reactions 
between the electrolyte, electrode, and interconnector, as well as induce crack formation owing to 
different degrees of thermal dilatation in the cell components [21]. In MIEC-based membrane reactors, 
the high operating temperatures are responsible for interactions during the catalytic partial oxidation of 
hydrocarbons by thermal cracking, coking, and dehydrogenation of educts, apart from the poor 
thermomechanical stability of the reactor [22]. By reducing the operating temperatures into the so-
called intermediate range, between 773 and 1073 K, some of these issues can be avoided. At lower 
temperatures, however, the traditional MIEC materials (e.g., strontium-doped lanthanum manganite) 
are unsuitable because of their poor transport properties [23,24]. Thus, alternative materials exhibiting 
sufficiently high oxygen-ion and electron conductivities at intermediate temperatures are needed. 
In the year 2000, Shao et al. developed a novel perovskite material with compositions of 
(Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ (BSCF). These materials exhibited superior oxygen transport behavior 
accompanied by excellent short-time phase stability over a wide temperature range under both high 
and low oxygen partial pressures [25]. Since that time, BSCF perovskite has been investigated in 
detail regarding its application as a material for ceramic oxygen separation membranes and 
membrane reactors [26-29]. More recently, Shao and Haile have reported the high power density of a 
symmetric single SOFC using BSCF as the electrode and a samaria-doped ceria (SDC) electrolyte, 
due to the very low polarization resistance of the cathode at temperatures between 773 and 873 K 
[31,32]. Since then, BSCF perovskite has been considered one of the most promising cathode 
materials for use in SOFCs that are operated in the intermediate temperature regime (IT-SOFC) [32].  
Unfortunately, the wide application of BSCF may be hindered by two major problems. The first 
regards the inherent phase instability of BSCF perovskite at temperatures below 1023 K, as discussed 
in detail in section 1.5.1 [33]. The second serious issue, which also applies to the majority of barium- 
and strontium-containing perovskite materials, is the poisoning effect of CO2 on the perovskite, due to 
the high potential of A-site cations to form carbonates [34]. The intolerance toward CO2 may inhibit the 
use of the membrane materials in the CO2 capture processes or in the partial oxidation of 
hydrocarbons, where some CO2 is formed as the by-product of an undesired deeper oxidation. 
Moreover, the applications in IT-SOFC can also be threatened by the presence of small amounts of 
CO2 in the air due to the high thermodynamic stability of corresponding barium and strontium 
carbonates at lower temperatures (see also section 1.5.2).  
In the presented thesis, issues including the inherent phase instability of cobalt-based perovskite at 
intermediate temperatures and the instability against CO2 of barium- and strontium-containing 
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perovskite are addressed. Chapter 2 presents a detailed study of the phase transition of high-
performance perovskite (Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ (BSCF) and (Ba0.8Sr0.2)(Co0.8Fe0.2)O3-δ at relevant 
temperatures. Chapter 3 introduces a novel cobalt-free perovskite material (Ba0.5Sr0.5)(Fe0.8Cu0.2)O3-δ, 
which exhibits excellent phase stability that leads to constant and desirable functional properties over 
intermediate temperature ranges. In Chapter 4, the stability of (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3-δ, 
Ba(CoxFeyZrz)O3-δ (x+y+z = 1) perovskites, developed as an alternative to BSCF, in CO2-containing 
atmospheres is discussed. Finally, Chapter 5 discusses MIEC materials that have a high tolerance 
toward CO2. 
1.2 Perovskite oxide structure 
1.2.1 Ideal cubic perovskite structure 
The mineral CaTiO3 is an eponym for perovskite-type oxides. This mineral was discovered during 
the expedition of Alexander von Humboldt in the Ural Mountains in the year 1829 and was named in 
honor of Count Lev Alexeyevich Perovsky, who at that time was a local politician and sponsor of 
mineralogy science [35,36].  
 
 
 
Figure 1.3: a) A hexagonal close-packed layer of O anions and A-site cations in the ABO3 structure. b) 
Unit cell of the ABO3 perovskite structure showing the AO12 polyhedron. Alternative representations of 
the cubic perovskite structure showing c) octahedral coordination by B-site cations and d) coordination 
of O anions by two apical B cations and four coplanar A cations. The radii of ions are not drawn to 
scale. 
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Ideal perovskite oxides have the general formula ABO3, in which A is a large cation (alkaline, 
alkaline-earth, or rare earth cation) and B is a small or middle-sized cation (mostly transition metals). 
The O
2-
 anions, with one quarter of these replaced by A cations in an ordered way, form a cubic close-
packed array of hexagonal layers that are perpendicular to the body diagonals of the cubic cell and 
have the stacking sequence ABC. Figure 1.3a shows the lay-out of one close-packed hexagonal 
layer. The A cations are surrounded by twelve anions as an integral part of the close packing (Figure 
1.3b). The small B cations occupy one quarter of the octahedral interstices in the cubic close-packed 
arrays (Figure 1.3c). The O
2-
 anions are also octahedrally coordinated by two apical B cations and four 
coplanar A cations (Figure 1.4 d). The ideal cubic perovskites, having the cell parameter , adopt the 
space group  (No.: 221). The B cation is located at the origin of the unit cell with atomic 
coordinates 0,0,0 (Wyckoff position 1a). The A cation is situated at coordinates 1/2,1/2,1/2 (Wyckoff 
position 1b) and the O
2-
 anion is located at 1/2,0,0 (Wyckoff position 3d) [37]. 
In the year 1926, Goldschmidt considered perovskite to be an ionic compound that consisted to a 
first approximation of hard spheres with ionic radii  (Å). He also declared that the A-site cations 
exactly fit the twelvefold site if the A cations have the same size as the anions. Correspondingly, the 
edge of the ideal cubic cell (shown in Figure 2.1b), which can be described as , is equal to 
 times the length of a line joining O-A-O ( ), according to the concept of closest packing 
and the Pythagorean theorem. In real structures, the A, B and X cations have different sizes. As a 
result, Goldschmidt modified this relationship by a parameter known as the tolerance factor t: 
                                                                                                                              (1) 
Thus, for ideal cubic perovskite , is unity. The tolerance factor should be considered a rough guide 
to whether the ABO3 compound will crystallize in the cubic perovskite structure. This crystallization is 
due to partly covalent bonding, as well as to the stabilizing effect of a cubic symmetry. Despite this 
crystallization, adoption of the space group can be expected with t values in the range 0.9-1.05 
[38]. 
1.2.2 Distorted perovskite structure 
The majority of ABO3 compounds, including the mineral CaTiO3, exhibit lower symmetries than the 
ideal cubic perovskite structure. However, Megaw has proposed to include these structures in the term 
perovskite-type structure. These compounds maintain a pseudo-cubic cell that is derived from an ideal 
structure that has a small deformation of the cell parameters or interaxial angles [39].  
The geometrical approach of the Goldschmidt tolerance factor based on ionic radii is considered to 
be an approved method to predict whether a given package of ions will arrange in the distorted 
perovskite-type structure. In this context, the source for reliable ionic radii is especially significant. For 
this purpose, Shannon carried out an extraordinary series of experiments to establish a set of 
empirical ionic radii while considering the valence, spin-state and coordination of corresponding ions 
[40,41]. Table 1.1 lists the effective radii of relevant cations in perovskite-type oxides, which are based 
on an oxygen-ion radius of 140 pm, and includes the effects of partially covalent metal-oxygen 
bonding. Obviously, only the Sr
2+
 cation provides a close match with the twelvefold A-site. Occupation 
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of the A-site with smaller cations (e.g., Ca
2+
 and La
3+
) or bigger cations (e.g., Ba
2+
) may lead to 
distortion of the cubic perovskite structure. 
Table 1.1: Effective ionic radii of some cations based on r(O
2-
) = 140 pm from [40,41]. The radii of A- 
and B-site cations are provided according to twelvefold and sixfold coordinations, respectively. For 
cobalt and iron, the spin state is considered by providing values for the low-spin II high-spin 
configuration. 
A-site cations Ionic radius / pm B-site cations Ionic radius / pm 
    
Ba
2+ 
161 Co
2+ 
   65    ║    74.5 
Sr
2+ 
144 Co
3+ 
   54.5 ║    61 
Ca
2+ 
135 Co
4+ 
53 
La
3+ 
136 Fe
2+ 
   61    ║    78 
  Fe
3+ 
        55    ║    64.5 
  Fe
4+ 
  58.5 
  Cu
2+ 
73 
  Cu
3+ 
54 
  Zn
2+ 
74 
  Ti
4+ 
  60.5 
  Zr
4+ 
72 
 
The most common type of distortion was found to be a tilting and/or rotation of the BO6 octahedron 
[42-45]. In the ideal cubic perovskite, the A-site cation is surrounded by eight regular BO6 octahedra, 
which share all of their corners with neighboring octahedra, as shown in Figure 1.4a. All A-O bonds in 
the twelvefold site are equal. When the A-site cations in real perovskite are undersized, resulting in 
 1, the lengths of some A-O bonds will be contracted, leading to a tilt of the BO6 octahedra. 
Consequently, the correlated tilting of surrounding octahedra results in a change of the A-site 
coordination, as well as a reduction in symmetry from the  space group. Glaser suggests a 
description of the tilt systems in terms of rotations of BO6 octahedra about three orthogonal Cartesian 
axes, which are conformable with three axes of the pseudo-cubic unit cell. The type of rotation is 
specified as , , and  degrees. The sense of the rotation of sequenced octahedra layers 
perpendicular to the rotation axis is defined via superscript, whereby a positive superscript means that 
neighboring octahedra are tilted in the same direction and a negative superscript indicates the 
opposite tilt of octahedra in successive layers [42].  
Using crystallographic principles, Glaser identified 23 possible tilt systems arising via the rotation of 
octahedra [42]. Howard and Stokes, however, reduced that number to 15 space groups, which can be 
observed in the real perovskites according to group theory [46]. Apart from cubic structures, the 
orthorhombic and rhombohedral distorted perovskite systems, as described in detail below, are 
relevant for this thesis.  
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Figure 1.4b illustrates the structure of orthorhombic perovskite produced by a  tilt of the 
octahedral and leading to symmetry in the   space group [42]. The unit cell of orthorhombic 
perovskite can be transformed from a cubic unit cell with cell edge length  using a geometrical 
relationship [47]: 
 
                                                                                                   (2) 
 
 
 
 
Figure 1.4: Perspective view of a) an ideal cubic structure and b) an orthorhombic perovskite structure 
with a tilt system of BO6 octahedra. 
 
Thereby, the number of formula units per unit cell  increases from unity for a cubic cell to . 
The dimension of the orthorhombic strain of this perovskite structure can then be evaluated using the 
orthorhombicity parameter, as defined by [48]:  
                                                                                                                  (3) 
The rhombohedral distortion arises through a  tilt, which is equivalent to the rotation of 
octahedra about the body diagonal of a pseudo-cubic cell [42,44]. The relationship of the 
rhombohedral cell to the cubic cell can be depicted using a hexagonal setting: 
                                                                                   (4) 
Figure 1.5a,b schematically depicts how the ideal perovskite structure (tilt system ) 
transforms to the rhombohedral configuration due to rotation of the octahedra. Thus, the parameter of 
rhombohedral rotation  can be determined directly from -axis projection of the hexagonal unit cell 
(Figure 1.5b) or calculated from the cell parameters using the relationship [47]: 
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                                                                                                                         (5) 
 
 
Figure 1.5: Transformation of cubic perovskite (a) to rhombohedral perovskite by rotation of octahedra 
about a triad [1,1,1] cubic axis with the angle  
 
Apart from its chemical composition, the degree of octahedral framework tilt in distorted perovskite 
is strongly affected by the temperature. In general, increasing temperature leads to a decrease in tilt 
angle and leads, as a final consequence, to a transition into a cubic structure [47].  
 
 
 
Figure 1.6: a) Cubic perovskite structure viewed along [1,1,0] axis showing the 3C stacking sequence 
of BO6 octahedra. b,c) Projections along [0,1,0] axis of hexagonal perovskite polytypes showing b) 2H 
and c) 15R stacking sequence of BO6 octahedra. 
 
The hexagonal modification of perovskite structures, which typically forms when the A-site cation is 
too large and/or B-site cation is too small for an ideal cubic structure (i.e., t > 1) cannot be derived 
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from a tilting of the BX6 octahedra [47]. The structure of hexagonal perovskites also consists of close-
packed AO3 layers, as in a cubic structure; whereas, the layers are arranged in hexagonal close-
packing with the stacking sequence AB [49,50]. In this structure, BO6 octahedra share faces and form 
chains along the hexagonal axis, resulting in shortened B-O and B-B bond lengths. Figure 1.6a,b 
illustrates the structural characteristics of ideal cubic and hexagonal perovskites in terms of cubic-
stacking of AO3 layers, which leads to corner-sharing octahedra (3C polytype), and hexagonal-
stacking, which leads to face-sharing octahedra (2H polytype), respectively. Between the two ideal 
stacking schemes, a large number of packing structures that contain both corner-sharing (denoted by 
c) and face-sharing octahedra (denoted by h) can be observed in the same perovskites oxides when 
the Goldschmidt tolerance factor is greater than unity [49]. The 15R hexagonal polytype, which plays 
an important role in Section 2.2, consists of close-packed layers arranged in a (cchch)3 stacking 
sequence, as shown in Figure 1.6c [51]. 
1.3 Preparation of perovskite oxide membranes 
1.3.1 Sol-gel process 
Starting materials for the processing of dense MIEC ceramics are usually perovskite oxides that 
are in powder form. Diverse methods exist for the synthesis of ceramic powders, which can be 
subdivided in solid-state reactions, liquid precursor methods, and vapor phase reactions. The liquid-
phase method, as for the sol-gel process, is thereby the most appropriate for preparation of highly 
pure and homogenous perovskite materials with complex compositions [52]. For this reason, most 
perovskite materials discussed in this thesis were fabricated using the sol-gel method. Figure 1.7 
displays a flow chart of the sol-gel synthetic procedure [53,54].  
 
 
 
Figure 1.7: A schematic of sol-gel synthetic route in order to prepare perovskite oxides. 
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The first step of a sol-gel process is the preparation of a sol, which contains highly dispersed solid 
particles in the size range of 1-100 nm in water or organic solution. In our practical case, the sol was 
prepared by adding solutions of metal nitrates in water in stoichiometric amounts, allowing very fine 
intermixing of the educts following supplementation of the organic ligands and network formers. Owing 
to its high complex formation ability with almost any metal cation, ethylene-diamine-tetraacetic acid 
(EDTA) was used as the organic ligand [55]. The citric acid was added to the solution as a network 
former to prevent the segregation and precipitation of metal compounds during transformation of the 
sol into a gel. A gel is a viscous substance that contains three-dimensional, metal-organic, polymer 
networks with a very fine distribution of metal cations. This gel forms after the aging or heat treatment 
of the sol. During drying of the gel at temperatures above 423 K, the predominant portion of the 
organic component decomposes, leading to the formation of a dispersed mixture that consists of 
nano-scale metal oxides and carbonates as precursors for further reactions [53,54]. The amorphous 
powder mixture is then transformed into the desired perovskite via calcination at temperatures in the 
range of 1123-1223 K. In this process, a solid state reaction between metal oxides and carbonates 
leads to the formation of the perovskite [56].  
1.3.2 Solid state reactions 
The solid state reaction is initialized by formation of a product layer on the contact surface between 
the educts, when the free enthalpy of the system is reduced. Consequently, the product layer 
separates the educts from each other. Further reaction involves mass transport through the contact 
zone and product layer, as promoted by the presence of a chemical potential gradient between the 
phase boundaries [57]. The growth of product is controlled by reaction on the contact zone with a 
sufficiently low thickness of product layer. In this case, the reaction rate can be described as lineal 
low, where  is the product layer thickness and  is the time: 
                                                                                                                                    (6) 
With an increase in product layer thickness, the mass diffusion becomes a rate-limited step. Thus, 
the growth of the product phase follows a parabolic law, to a first approximation [58-60]: 
                                                                                                                                           (7) 
Although the solid state reactions are exothermic, owing to low reaction entropy values, high 
temperatures are required for the activation of a solid state process. Temperatures in the range of 
973-1273 K initiate the contact zone reactions and increase the diffusion coefficients of the 
compounds : 
                                                                                                               (8) 
where  is the ionic mobility and  is the charge of the corresponding ion. On the other hand, the 
concentration of the defects  in the product layer, through which the mass transport occurs, 
increases with increasing temperature according to the following equation, where  is the formation 
enthalpy of point defects [61]: 
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                                                                                                                 (9) 
Despite the presence of high temperatures, the solid state reaction rates are low because of the 
long diffusion pathways, which particles must pass through to achieve their appropriate positions in 
the product lattice. According to kinetic considerations, it is obvious that preferably small particle sizes 
of educts and high concentrations in contact zones are crucial for optimum solid state processes to 
occur. To obtain these conditions, the liquid-phase precursors like sol/gel outstand in the last time [52].  
1.3.3 Preparation of dense perovskite membranes 
To achieve gas-tight membranes, the as-synthesized powder will be consolidated in the desired 
shape, following by sintering into a dense ceramic. Sintering refers to processes involving heat 
treatment of powder compacts at temperatures near the melting point of the material [62]. Two 
competitive processes, densification and coarsening, occur in the sintering process and are driven by 
a reduction in free energy of the system, which can be mostly accomplished by reducing the surface 
free energy. The grain growth or coarsening is effected by the mass transport trough surface and 
lattice diffusion, as well as by evaporation and condensation (vapor transport) of the matter. 
Processes like grain boundary diffusion and plastic flow lead to the densification of powder compacts 
[62].  
During the initial stage of sintering, the powder particles can be relocated and the number of 
nearest neighbors can increase. Furthermore, the grain boundaries are formed, and the large 
unevenness on the particle surfaces is removed. Up to 65 % of the maximum density is achieved at 
this stage. In the intermediate step, combined coarsening and densification processes result in a 
reduction in pore cross-section. Isolated pores replace the previously continuous porosity and an 
intermediate stage can be considered complete if the density reaches approximately 90% of the 
theoretical density. Finally, the grains grow at the cost of smaller grains and isolated pores, leading to 
the formation of coarse grains. The density is further increased up to 95-98%. The discrepancy in 
maximum density occurs if some pores get trapped inside the grain; these are difficult to remove from 
the ceramic [62].  
In this thesis, dense perovskite disk-membranes with dimensions of 16 mm diameter and 
approximately 1 mm thickness were obtained by uniaxially pressing the powder with 140-150 kN in the 
green compacts followed by sintering. The sintering temperature and time for this process were 
empirically determined to achieve gas-tight ceramics with the desired compositions and densities 
close to the maximum. 
1.3.4 Preparation of asymmetric membranes 
In MIEC membrane technology, a decrease in membrane thickness often leads to an increase in 
oxygen flux, if oxygen permeation is limited by bulk-diffusion (see section 1.4.3). One method to 
achieve thin membranes with sufficient mechanical strength is the asymmetric membrane approach. 
Asymmetric membranes refer to the composite-structured membranes that consist of a thin dense 
layer that is deposited on a porous support, as shown schematically in Figure 1.8. The selection of 
materials, which can be applied for porous support and a dense layer, is a key factor for the 
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successful manufacturing of asymmetric membranes. Apart from good chemical compatibility, the 
materials should exhibit similar thermal expansion coefficients, because differences in the expansion 
between substrate and thin layer may result in thermal stress, and this stress may lead to cracking of 
the membrane at high operating temperatures. The smart solution for this issue is to use self-
supported membranes that consist of a support and dense layers made from the same material 
introduced by Teraoka et al., who were the first to fabricate self-supported membranes [63-64].  
                        
Figure 1.8: Schematic of an asymmetric membrane, consisting of a dense layer and porous support.  
 
Diverse methods exist to fabricate self-supported membranes. These methods typically involve 
multiple preparation steps for the porous substrate and deposition of a thin dense layer. In our 
practical case, the support and dense layers discussed in section 4.1 were fabricated from the same 
powders as synthesized by the sol-gel method [63-66]. Porous substrates containing a high amount of 
open pores with sizes in the range of 0.5-10 µm were prepared using 20 wt.% of organic polymer pore 
former Pluronic F 127, which was intermixed with the powder and then removed by heat treatment. 
Dense layers with approximately 10 µm thicknesses were obtained via spin-coating of a 3 ml slurry 
containing 15 wt.% powder in ethanol, drying, and sintering.  
1.4  Mixed oxygen ion and electron conductors 
1.4.1 Defect chemistry of perovskite oxides. 
The mixed oxygen ion and electron-conducting properties of perovskites are strongly affected by 
their defect chemistry. The formation of defects not only in perovskite but also in all inorganic materials 
is caused by a considerable increase in entropy leading to a minimum in the Gibbs free energy 
[67,68]: 
                                                                                                                        (10) 
Although many type of defects may occur in inorganic compounds, the perovskite oxides are 
usually dominated by oxygen vacancy and electronic defects (electron holes), preserving the overall 
electrical neutrality [69,70]. The perovskite oxides relevant for this thesis contain A-site cations with 
fixed valence states (Ba
2+
, Sr
2+
, Ca
2+
 and/or La
3+
). The B-sites are occupied by multivalent transition 
metal cations. Even at room temperature and ambient oxygen partial pressure, the average valence of 
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the B-site cation is lower than the highest possible state. This occurrence results in the presence of 
oxygen vacancies in the perovskite lattice. Further oxygen vacancies form upon the heating of the 
perovskite materials, accompanied by reduction of the B-site cations. The removal of oxygen and 
formation of oxygen vacancies can be described using Kröger-Vink defect notation, as follows [71]: 
                                                                                      (11) 
In cubic non-stoichiometric perovskite, the oxygen vacancies are statistically introduced in the 
lattice. Thus, the disordered vacancies are crystallographic in nature and energetically equivalent to 
occupied oxygen sites [72]. Some perovskite materials can exhibit a high degree of disordered oxygen 
vacancies. For a current state-of-the-art BSCF material (see page 3), for example, an oxygen 
stoichiometry of 2.48 was observed at room temperature. The amount of oxygen in this perovskite 
declines at operating temperatures above 1173 K to approximately 2.2, which relates to one quarter of 
the oxygen site being vacant, without a collapse of perovskite structure [69].  
1.4.2 Electrical conductivity of perovskite oxides 
The majority of perovskite oxides containing transition metal cations at the B-site exhibit positive 
Seebeck coefficients consistent with p-type conduction. Owing to this, the electron holes ( ) can be 
considered charge carriers [73]. The electron holes form by reduction of B-site cations, as caused by 
oxygen loss: 
                                                                                                                         (12) 
At low temperatures, the electronic conduction occurs through thermally activated migration of 
electron holes along B-O-B bonds. This hopping mechanism involves interactions with small polarons 
of the lattice (phonons) and follows the relation [74]: 
                                                                                                                     (13) 
where  is electrical conductivity,  is the activation energy, and  is the Boltzmann constant. The 
pre-exponential constant  includes the carrier concentration, as well as other material-dependent 
parameters. The electrical conductivity increases with increasing temperature, and a maximum of  
can be observed [70, 73]. Further increases in temperature lead to metal-like conductivity. In other 
words, the conductivity decreases with temperature, which cannot be explained by a small-polaron 
hopping mechanism. This behavior can result from the transition of localized d-electrons of B-site 
cations at atomic lattice site, due to coulombic repulsion at low temperatures, into delocalized d-
electrons. This transition is caused by hybridizations with oxygen p-electrons and/or by spin-state 
transitions of the transition metal d-electrons at high temperatures [75-78]. The delocalized charge 
carriers dominate the electrical conductivity of perovskite oxides at high temperatures, leading to 
metal-like conductivity. 
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1.4.3 Oxygen permeation through perovskite membranes 
MIECs perovskite membranes can selectively separate oxygen from air or other gas mixtures by 
the lattice diffusion of oxygen ions [3]. The driving force of oxygen transport through the perovskite 
membranes is the difference in chemical potential of oxygen between the two surfaces of the 
membrane owing to sufficiently high temperatures for the diffusion. The chemical potential gradient 
forces oxygen to move from the location with the higher oxygen partial pressure toward the side with 
lower partial pressure. Figure 1.9 schematically illustrates the basic principle of the oxygen permeation 
process. The chemical potential gradient of oxygen across the membrane is subdivided into a central 
(bulk) zone and adjoining interfacial zones, emphasizing the combination of both solid state diffusion 
and surface exchange reactions in the oxygen permeation process [79].  
 
 
Figure 1.9: The basic principle of oxygen permeation through dense perovskite membranes of 
thickness L driven by the gradient between the oxygen chemical potentials of the feed side and the 
permeate side.  
 
Oxygen transport trough the bulk zone can occur either via diffusion of oxygen in the perovskite 
lattice or across grain boundaries in the polycrystalline membrane [80,81]. Oxygen diffusion in the 
lattice of oxygen-deficient perovskite can be described in terms of oxygen-ion hopping from occupied 
sites to neighboring empty sites, which are energetically equivalent on the time scale of the oxygen ion 
jump. The wandering oxygen-ion must merely negotiate a motional enthalpy with a value lower 
than 1 eV for relevant perovskites. The motional enthalpy can be regarded as the activation energy for 
oxygen vacancy diffusion directly associated with the diffusion coefficient [80]: 
                                                                                                                      (14) 
Thus, the oxygen ionic conductivity can be defined, using the Nernst-Einstein equation, as [79,80]: 
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                                                                                                                   (15) 
where  is the Faraday constant and  is the concentration of oxygen vacancies.  
The oxygen transport in the lattice of MIEC perovskites is accompanied by a counteracting flux of 
electrons caused by charge compensation. The Wagner theory is commonly used to describe the 
simultaneous flux of ions and electrons [82]. According to Wagner, the single particle flux of the 
charge carrier is proportional both to the conductivity of each charge carrier and the chemical potential 
gradient: 
                                                                                                                 (16) 
The electrical conductivity of most MIEC perovskite oxides is much higher than the oxygen ion 
conductivity [83]. Accordingly, oxygen permeation diffusion through a perovskite lattice in a membrane 
with a thickness L depends only on the oxygen ion conductivity. In other words, the concentration of 
oxygen vacancies and the chemical potential of oxygen across the membrane:  
                                                                                                     (17) 
Furthermore, the ambipolar transport of oxygen ions and electrons through a polycrystalline 
membrane can be directly affected by grain boundaries. Mayer et al. suggest that the grain boundaries 
exhibit their own defect chemistry, which can impact the transport properties in a positive way, 
because of the presence of fast pathways for the diffusion, or in a negative way, because of the 
formation of space charge layers blocking the charge carrier’s migration [81].  
As long as the membrane thickness is appropriately high, the oxygen permeation process is 
dominated by bulk transport. With decreasing membrane thickness, the surface-exchange reaction 
would become the limiting step of the oxygen permeation process. Furthermore, the surface exchange 
gains importance if oxygen transport resistance in the bulk phase is small because of the high ionic 
conductivity [84]. In general, the reversible oxygen surface exchange can be expressed with the 
following equation: 
                                                                                                (18) 
This reaction is composed of successive steps that might limit the overall reaction rate. It may 
involve the chemisorption of oxygen as a molecule at the surface, a charge transfer reaction between 
an adsorbed molecule and the bulk (oxygen reduction), and the incorporation of oxygen in the oxide 
lattice [85]: 
                                                                                                                          (19) 
                                                                                       (20) 
                                                                                                       (21) 
The transport parameters used to describe the surface exchange are a surface exchange 
coefficient  and the balanced oxygen exchange rate . In the absence of an oxygen chemical 
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potential gradient, these parameters correlate directly with the given oxygen partial pressure and, 
thus, with the concentration of oxygen anion  on the surface at equilibrium [86]: 
                                                                                                                                   (22) 
Note that oxygen surface-exchange reactions may be affected by factors like surface morphology 
or the presence in the gas phase, for example, of CO2, CO, and H2O. These compounds can be 
absorbed on the surface, leading to a reduction in rates of oxygen exchange with the solid [87,88].  
 
 
Figure 1.10: Set up to measure the oxygen permeability of disc membranes with on-line gas 
chromatography [89]. 
 
1.4.4 Measurement of oxygen permeation 
    Oxygen permeation measurements were based on the analysis of oxygen concentrations in the 
carrier gas by on-line gas chromatography. A high-temperature permeation cell, as shown in Figure 
1.10, was used for the experiments [89]. To expose the perovskite materials to an oxygen chemical 
potential gradient, the disk-shaped membranes were sealed with a gold paste onto the ceramic tube 
and synthetic air was flushed from the upper side (feed side). A stream of inert carrier gas (He) or CO2 
was supplied from the lower membrane side (sweep side) to transport the permeated oxygen away 
from the membrane. In the case of asymmetric membranes, the dense layer was fixed onto the 
ceramic pipe. Afterward, the porous support (feed side) was purged with synthetic air and the dense 
layer (sweep side) was purged with the carrier gas. Gas concentrations in the effluent stream were 
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calculated from a gas chromatograph calibration. The relative leakage of O2, which was evaluated by 
measuring the amount of N2 in the effluent stream, was subtracted in the calculation of the oxygen 
permeation flux. The absolute flux rate of the effluents  was determined using neon as an internal 
standard. The oxygen permeation flux could then be calculated by the fraction of oxygen in the effluent 
gas and by determination of an effective area for the permeation , as follows: 
                                                                                 (23) 
where the factor  relates to the ratio of leaked oxygen and nitrogen, according to Knudsen 
diffusion. 
1.5 MIEC perovskite oxides: issues and possible solutions 
1.5.1 Inherent phase instability of BSCF perovskite at intermediate 
temperatures 
In the first report concerning BSCF perovskite, Shao et al. already referred to the slow decline of 
oxygen flux through a BSCF membrane after long operation times at 1023 and 1098 K, as caused by 
material decomposition [25]. This observation, however, did not prevent BSCF perovskite from 
becoming one of the ―hottest‖ materials for intermediate temperature applications. Only a few critical 
reports about the degradation of functional properties of BSCF were published [90,91]. To gain a 
deeper understanding of these phenomena, Švarcová et al. have investigated the long-term stability of 
BSCF in the intermediate temperature range [92]. A slow transition of the single cubic perovskite 
phase into a 2H hexagonal polytype was detected in BSCF powders that were annealed below the 
crucial temperature of 1123 K in air. The oxidation of B-site cations, which leads to a decrease in the 
effective ionic radii and gives the structure a Goldschmidt tolerance factor higher than unity, was 
declared as a reason for the BSCF phase transition [92]. Furthermore, Arnold et al. have reported an 
increase of cobalt valence in BSCF from 2.2+ at 1223 K to 2.6+ at 298 K. The valence of iron 
remained predominantly at a state of 3+ over the whole temperature range [93]. Hence, they assumed 
that the oxidation of cobalt cations, combined with their spin-state transition, results in a dramatic 
diminution of their ionic radius, as shown in Table 1.1. This diminution is the real driving force of the 
BSCF phase transition [93]. The conclusion of Arnold et al. was confirmed by the extensive study of 
BSCF decomposition, as detailed in Chapter 2. It was found that cubic BSCF partially transforms into 
several hexagonal perovskite-related phases. This transformation is accompanied by the strong 
segregation of Co in these phases during annealing at temperatures below 1123 K. Moreover, the 
investigation of the phase transition in the cubic (Ba0.8Sr0.2)(Co0.8Fe0.2)O3-δ perovskite (Chapter 2), 
which contained more barium on the A-site than BSCF, showed a very fast and pronounced cubic to 
hexagonal phase transformation, providing a destabilizing effect of high barium content on the phase 
stability of cubic cobalt-based perovskite, according to the concept of the Goldschmidt tolerance 
factor. 
Knowing the reasons for the inherent phase instability of BSCF perovskite, strategies can be 
developed to design materials that are stable at intermediate temperatures. For example, doping of 
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the B-site of BSCF with zirconium considerably reduces the cubic to hexagonal transformation 
kinetics, as reported by Yakovlev et al. [94]. The high 4+
 
valence state of zirconium cations prevents 
the oxidation and spin-state transition of cobalt cations. Further, the zirconium cations stabilize the 
cubic structure because they are too large for octahedral coordination in the face-shared octahedra 
framework. The efforts to steady cobalt-based perovskite with zirconium led to the development of 
materials with the composition BaCoxFeyZrzO3-δ (x+y+z = 1), which exhibited improved inherent phase 
stability and thermo-mechanical strength apart from good conducting properties [95]. However, cobalt 
has several disadvantages, including its high cost, toxicity, and easy evaporation during material 
synthesis and operation. Owing to these disadvantages, cobalt-free perovskite with appropriate 
oxygen transport properties, like (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3-δ perovskite oxide, which was recently 
developed in our group, can be considered real alternatives to cobalt-based perovskites [96]. A novel 
perovskite (Ba0.5Sr0.5)(Fe0.8Cu0.2)O3-δ is presented in chapter 3 as another promising cobalt-free MIEC 
membrane material, as it has the highest oxygen permeation performance of known cobalt-free 
materials. 
1.5.2 Intolerance of alkaline-earth containing perovskite against CO2 
The poisoning effect of CO2 on the alkaline earth-containing perovskite is based on the high affinity 
of A-site cations to form carbonates [34,88,97]. This is in accordance with the high thermodynamic 
stability of carbonates at certain temperatures and CO2 partial pressures, which can be evaluated by 
the Ellingham diagram in Figure 1.11. The dashed lines in the diagram represent the temperature 
dependency of CO2 chemical potential at different partial pressures. The compact lines with positive 
slope relate to chemical potentials of CO2 during the decomposition of corresponding carbonates. 
These compact lines are calculated with thermodynamic data or determined experimentally. Thus, the 
carbonates are thermodynamically stable if the CO2 chemical potential of the carbonate decomposition 
reaction at the given temperature is lower than at the corresponding partial pressure. It becomes 
obvious that barium and strontium carbonates remain stable, even in air (p(CO2) ≈ 30 Pa) up to 1170 
K and 1000 K, respectively. The stability of carbonates correlates directly with the ionic radii of the 
cations because the binding strength between the polyatomic carbonate anion and the metal cation 
increase with decreasing polarization power of the cation, which is inversely proportional to the ionic 
size [99]. Hence, it follows that the thermal stability of carbonates containing smaller cations, like Ca
2+
, 
La
3+
 or transition metal cations, is lower than that of barium and strontium carbonates. This conclusion 
is hereby confirmed by the thermodynamic data shown in Figure 1.11.  
Applied to perovskite oxides, the Ellingham diagram may give a rough estimation of the possible 
tolerance of the materials against CO2 at relevant conditions. However, the stabilization energy of 
perovskite should be considered, which has been defined by Yokokawa et al. as [100]: 
                                              [24] 
Further, they postulated that the stabilization energy depends strongly on the chemical composition 
of perovskite and correlates well with the Goldschmidt tolerance factor, providing a large stabilization 
for materials with a cubic symmetry ( ). Thus, if the stabilization energy of the perovskite exhibits 
a highly negative value, the stability against carbonate formation is strong. On the basis of 
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thermodynamic data, the resistance toward CO2 can be predicted for some binary perovskite oxides at 
relevant conditions [99]. Because many advanced perovskite oxides have complex chemical 
compositions, thermodynamic data is often not available. Therefore, the CO2 stability of the materials 
should be empirically investigated in each individual case. 
 
 
Figure 1.11: Ellingham diagram for the decomposition of carbonates under different partial pressures 
calculated with thermodynamic data from [98] or determined experimentally [56]. 
 
The BSCF perovskite exhibits high intolerance toward CO2. The perovskite structure of the BSCF 
membrane breaks down at a depth of up to approximately 50 μm in the presence CO2. This break 
down is caused by the formation of a mixed barium/strontium carbonate [34]. Both the functional 
properties and microstructures of alternative perovskite materials (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3-δ and 
BaCoxFeyZrzO3-δ (x+y+z = 1) are also strongly impaired after contact with CO2, as represented in 
chapter 4. According to the above-mentioned thermodynamic considerations, the lanthanum- and 
calcium-based perovskites can provide CO2-stable MIEC materials. This issue will be discussed in 
detail in chapter 5.  
Additionally, the problem of CO2-intolerance can be overcome by using alkaline-earth, free dual 
phase MIEC membranes. The dual phase concept is based on the presence of an oxygen ionic and 
electronic conductor in the membrane. These phases form two interpenetrating percolated networks of 
solid oxide electrolyte and an internally short-circuiting electrode, providing MIEC properties of the 
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membrane. Chapter 5 presents a novel CO2-stable composite dual phase membrane containing 40 
wt.% NiFe2O4 with a spinel structure as the electronic conductor and 60 wt.% Ce0.9Gd0.1O2-δ with a 
fluorite structure as the electrolyte.  
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2  Inherent phase instability of BSCF 
perovskite at intermediate temperatures 
2.1  Summary 
Here, we deal with the decomposition of cubic perovskites (Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ (BSCF) and 
(Ba0.8Sr0.2)(Co0.8Fe0.2)O3-δ in the intermediate temperature range (773-1073 K). The compounds differ 
only in their Ba/Sr ratio. Section 2.2 presents the results of a detailed TEM study on BSCF annealed 
for 180-240 h at temperatures below 1173 K. The slow phase transitions of cubic perovskite into 
hexagonal perovskite Ba0.6Sr0.4CoO3-δ, a previously unknown Ba1-xSrxCo2-yFeyO5-δ complex oxide and 
Ba0.4Sr0.6O was observed both in ceramic and powder samples. Already, the presence of small 
amounts of non-cubic phases in the BSCF system at intermediate temperatures has a steep negative 
effect on oxygen permeation performance. The reason for this behavior is the lamellar-shape of the 
Ba1-xSrxCo2-yFeyO5-δ phase, which is structurally related to the 15R rhombohedral perovskite 
polymorph. The several micrometer-long Ba1-xSrxCo2-yFeyO5-δ lamellae grew through the cubic 
perovskite grains and can be considered as barriers to oxygen transport because of their shape, low 
crystal symmetry, and low amount of mobile oxygen vacancies. Furthermore, a change in composition 
of the cubic phase due to cobalt enrichment in the lamellae states was an additional factor responsible 
for degradation of the BSCF functional properties. 
The decomposition process of the (Ba0.8Sr0.2)(Co0.8Fe0.2)O3-δ system was found to be more 
pronounced. The metastable cubic structure, which can be obtained upon quenching from 1223 K to 
room temperature, transforms into about 70% hexagonal and lamella-shaped rhombohedral phases 
upon furnace cooling at a rate of 3 K/min. Using differential thermal analysis and thermal gravimetry, 
abrupt changes in the oxygen stoichiometry of 1 wt.%, corresponding to a ∆δ = 0.14, were observed in 
the sample between 1073 and 1173 K. The massive phase conversion in the 
(Ba0.8Sr0.2)(Co0.8Fe0.2)O3-δ system additionally resulted in mechanical stresses exceeding the strength 
of the material, as well as the formation of cracks in the ceramic.  
The driving force of decomposition in both cubic perovskites BSCF and (Ba0.8Sr0.2)(Co0.8Fe0.2)O3-δ 
at intermediate temperatures can be declared as a coupled valence and spin-state transition of cobalt-
cations induced by oxygen insertion, which leads to a considerable decrease of their ionic radii. The 
oxidized cobalt-cations, which are smaller in size, are not tolerated in a cubic perovskite structure, 
especially when large barium cations occupy the A-sites in the perovskite lattice, according to the 
concept of the Goldschmidt tolerance factor.  
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Abstract 
 
Ba0.8Sr0.2Co0.8Fe0.2O3-δ exists as a single cubic phase at 1000 °C in air. Upon slow cooling it 
transforms, between 900 and 700 °C, to a mixture of cubic, hexagonal, and rhombohedral phases, as 
evidenced by X-ray diffraction and transmission electron microscopy. The reversible phase change is 
accompanied by a large change of the oxygen content (∆ = 0.14) of Ba0.8Sr0.2Co0.8Fe0.2O3-δ and a 
volume change of 1.2 vol.% at 700-900 °C. The multiphase material shows lamellar shaped structures 
in the HRTEM micrographs due to the partial transformation of the material from the cubic to the 
hexagonal and rhombohedral symmetry. The electrical conductivity changes from p-type 
semiconductivity between room temperature and 700 °C to metal-like conductivity at higher 
temperatures up to 1000 °C. The electrical conductivity of ceramic components is irreversibly changed 
upon thermal cycling due to the formation of microcracks caused by the phase change. 
 
Keywords: BSCF; Phase transition; X-ray diffraction; Transmission electron microscopy; Electrical 
conductivity; Thermal expansion coefficient; Mixed ionic-electronic conductor; Perovskite. 
 
 
1. Introduction 
 
Perovskite-type materials have been widely 
studied in the recent several decades because 
of their multiple functional properties in 
electrical, optical, and magnetic applications.
1,2
 
Some of the perovskite-type materials have 
been studied for their good oxygen catalytic 
activity, high electrical conductivity and 
required oxygen ionic conductivity, especially 
as cathodes in the field of the solid oxide fuel 
cell (SOFC) and oxygen permeation 
membranes.
3-5 
One perovskite-type com- 
position Ba0.5Sr0.5Co0.8Fe0.2O3-δ of the family of 
the more general system BaxSr1-xCoyFe1-yO3-δ 
(BSCF) was reported for the first time in 2000 
as an oxygen permeation ceramic membrane 
material 
6
 and in 2004 as a high performance 
cathode material for SOFCs with low 
polarization resistance in the intermediate 
temperature range 500–700 °C.
7
 An isothermal 
phase study for 1000 °C showed cubic phase, 
hexagonal phase, and other symmetries 
existing in the BSCF system depending on 
different Ba/Sr and Co/Fe ratios.
8
 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ exhibits a pure cubic 
phase at 1000 °C.
9
 The temperature-
dependent electrical conductivity of 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ exhibits a transition 
from semiconductivity to metal-like conductivity 
at 400-500 °C.
10-15
 This transition is not due to 
any structural phase change.
16
 However, only 
the long-term electrical conductivity of 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ at 800 °C slowly 
degrades and a slow phase transformation 
from the cubic to mixed cubic, hexagonal, and 
hexagonal related phases at temperatures 
below 850 °C was reported in several studies 
of the long-term phase stability. 
17,18
 Aside from 
the hexagonal phase the formation of lamellar 
non-cubic cobalt-rich phases was observed 
due to oxygen vacancy ordering, but the 
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structure of these phases was not completely 
resolved so far. Such, in some cases several 
micrometer-long lamellae are considered as 
barriers to oxygen transport due to their 
layered shape, low crystalline symmetry, and 
tiny amount of mobile oxygen vacancies.
19, 20
 
The electrical conductivity of BaxSr1-
xCo0.8Fe0.2O3-δ (x = 0.3–0.7) decreases with 
increasing barium content.
21
 Ba-rich BSCF 
compositions do not exhibit pure cubic phase 
at room temperature, for example, 
Ba0.8Sr0.2Co0.8Fe0.2O3-δ is composed of mixed 
phases, one being cubic and others being 
hexagonal symmetry.
8
 Early research 
predicted that Ba-rich BSCF compositions 
might undergo a phase transition from highly 
symmetric cubic to less symmetric hexagonal 
below 825-875 °C.
22
 BSCF materials with the 
cubic phase exhibit good electrical conductivity 
at high temperatures, but degrade when being 
held at lower temperatures, i.e., below 800 °C 
and a slowly transformation from cubic to a 
hexagonal symmetry.
17
 The phase relations in 
this system lower than 1000 °C is still unclear. 
In this work, we present the phase infor-
mation of Ba0.8Sr0.2Co0.8Fe0.2O3-δ using crystal-
line phase and microstructure analyses by X-
ray diffraction (XRD) and transmission electron 
microscopy (TEM). The electrical conductivity 
and the thermal expansion of bulk materials 
show abrupt changes corresponding to the 
phase transition of Ba0.8Sr0.2Co0.8Fe0.2O3-δ. 
 
2. Experimental 
 
Ba0.8Sr0.2Co0.8Fe0.2O3-δ powder specimens 
were synthesized by the solid-state reaction 
method as described in detail in previous 
work.
8
 The finely ground green powder was 
calcined at 1000 °C for 10 hours in air. The 
crystalline phase of the calcined powder was 
identified by means of XRD. XRD data from 
the furnace-cooled and quenched-powder 
specimens were recorded on a Siemens 
Bruker D8 Advance X-ray Diffractometer using 
Cu Kα1,2 radiation in the 2θ° range of 20°-80° 
with step sizes of 0.04° and of 0.02°, 
respectively. The phase analysis of furnace-
cooled specimen was carried out by combined 
Rietveld and Pawley methods using the 
TOPAS 4.0 (Bruker AXS) software. Because 
all observed phases exhibit related chemical 
compositions, we assume that the phases 
have similar X-ray mass absorption 
coefficients. Thus, the amounts of the phases 
can be estimated by calculating the areas of 
the corresponding phases in the XRD patterns 
using the Pawley method. The ratio of the 
areas of the integrated intensities delivers an 
approximate amount of the phase under 
consideration. The reliability of the method was 
controlled by XRD experiments on furnace 
cooled powders using known amounts of 
BaZrO3 as internal standard. Calcined furnace-
cooled powders were uni-axially pressed to 
shape the bulk specimen bars of 
55×5×2.5 mm.
3
 These green bars were cold 
iso-statically pressed for 3 minutes at a 
pressure of 280 MPa and then sintered at 1100 
°C for 6 hours in air. A four-probe dc method 
was used to measure the electrical conductivity 
of the sintered specimen bars. Platinum wires 
(0.25 mm in diameter) were used as four 
electrodes glued to the sample with platinum 
paste for a better contact. Keithley 2000 and 
2001 multimeters together with a self-
programmed Labview software and a K-type 
thermocouple were used to record the 
experimental parameters of the specimen 
temperature and resistance. The sample was 
heated in a tube furnace with a ramp rate of 1 
°C/min from room temperature up to 1060 °C 
with three heating and cooling cycles in air. 
Differential thermal analysis and thermal 
gravimetry (DAT/TG) on powder and bulk 
specimens were performed as a function of 
temperature in synthetic air by mixing pure 
argon and pure oxygen (PanGas, 99.999% 
purity) gases in a DTA/TG (Netzsch STA 449 
C). The heating and cooling rates were 1 
°C/min. The thermal expansion of the same 
sintered bulk specimen bars after the electrical 
conductivity measurement was measured in air 
in a differential dilatometer (Baehr DIL 802) at 
a rate of 1 °C/min during heating and cooling 
cycles. TEM was used to characterize the 
furnace cooled powder specimens that were 
heated at 1000 °C for 10 hours. The 
microscope was a FEI Tecnai F30 operated at 
300 kV with a post-column Gatan image filter 
(GIF) and an EDAX SUTW Si (Li) detector and 
Phoenix EDAM III controller. The energy 
resolution was 134 eV. Some of the powder 
was mixed into 2 mL of ethanol and sonicated 
for 10 minutes to make a suspension. Drops of 
the suspension were applied from a pipette to 
a Cu TEM grid with perforated 100 holey 
carbon films. Images were collected in 
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standard TEM mode and high-resolution 
(HRTEM). Energy-dispersive X-ray 
spectroscopy (EDXS) and mappings were 
taken in the scanning (STEM) mode with an 
electron-probe of about 2.5 nm in diameter. 
 
3. Results and discussions 
 
The powder specimen calcined at 1000 °C 
for 100 hours in air exhibited different phases 
at room temperature. Quenched samples 
showed pure cubic phase (Figure 1a), whereas 
the furnace cooled specimen (3 °C/min) 
exhibited a mixed phase (Figure 1b) at room 
temperature. 
The phase analysis by combining Rietveld 
and Pawley methods (Figure 1b) shows that at 
least two additional phases besides the cubic 
phase (a = 4.044 Å) are present in the sample. 
Thus, a hexagonal phase (space group 
P63/mmc) with lattice parameters a = 5.657 Å 
and c = 28.434 Å as well as a rhombohedral 
phase (space group R-3m; a = 5.825 Å, c = 
37.157 Å) were deducted and included in the 
refinement by the Pawley fit. The mentioned 
phase symmetries are typical for the 
hexagonal perovskite polymorph as well as for 
hexagonal perovskite related barium cobalt 
oxides as described elsewhere.
20,23,24
 Structure 
data for the known cubic perovskite phase 
were taken from the ICSD-database PDF 
109462. The amounts of cubic phase of about 
30%, hexagonal phase of about 40%, and 
rhombohedral phase of approximately 30% 
were estimated by considering the integrated 
scattering intensities of the respective phases. 
This mixed phase composition exists from 
room temperature up to 960 °C as evidenced 
by in-situ high-temperature XRD where the 
amount of cubic phase was found to increase 
with increasing temperature.
25
 The results 
show that a pure cubic phase of this material is 
preferred at temperatures above 960 °C. 
However, the cubic phase is not stable at 
temperatures below 960 °C for this 
composition. The facts that the fast cooling 
prevents the phase transition from cubic to 
hexagonal and upon slow cooling this phase 
transition occurs indicate that it is diffusion 
controlled. High temperature in situ XRD 
analysis showed these non-cubic phases 
continue to develop at the expense of the cubic 
phase at lower temperatures.
25
  
 
 
Figure 1: (a) XRD-pattern of the quenched 
powder specimen. The calculated Bragg-
positions of the cubic perovskite phase are 
given at the bottom. (b) XRD-patterns of the 
furnace cooled powder specimen: observed 
(full line), calculated (points), and difference. 
The calculated Bragg-positions are given at the 
bottom of the figure for (i) cubic phase, (ii) 
hexagonal phase, and (iii) rhombohedral 
phase. 
 
From HRTEM images of the powder specimen 
calcined at 1000 °C for 10 hours in air and 
furnace cooled, a clear cubic phase (space 
group Pm-3m; a = 4.044 Å), image viewed 
along [0,1,1] direction, d(100) = a ≈ 4 Å and 
d(0-11) ≈ 2.9 Å, angle (100):(0-11) = 90° (Fig-
ure 2a) and a lamellar structure rhombohedral 
phase (space group R-3m; a = 5.825 Å, c = 
37.157 Å), image viewed along [-1,1,0] 
direction, d(003) = 1/3 c ≈ 12 Å and d(110) ≈ 
2.8 Å, angle (003):(110) = 90° (Figure 2b) were 
observed. Those lamellar shaped structures 
occur due to the partial transformation of the 
cubic BSCF phase to non-cubic phases like 
the hexagonal and rhombohedral phases 
already found in the XRD patterns. Similar 
lamellar structures were found in the studies of 
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Efimov et al. and Mueller et al. for the 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ composition.
19,20
 Here 
we have an insight into a non-equilibrium 
reaction sequence since the current sample 
was furnace cooled and not held in the 
intermediate temperature range for several 
hours like in the above mentioned studies. 
 
 
 
Figure 2: High-resolution transmission electron 
microscopy (HRTEM) images and diffraction 
patterns (insets) after Fast Fourier 
Transformation (FFT) calculations of the 
Ba0.8Sr0.2Co0.8Fe0.2O3-δ calcined at 1000 °C for 
10 hours in air and then furnace cooled. (a) 
cubic phase and (b) lamellar structure 
rhombohedral phase coexisting in one grain 
with areas of cubic symmetry. 
 
Figure 3 and Table 1 present chemical 
elemental information of three sites of one 
particle of the specimen giving the chemical 
stoichiometry of the metal ions by EDXS 
results. The Ba0.8Sr0.2Co0.8Fe0.2O3-δ nominal 
composition is found on site c (Figure 3a, 3c, 
and Table 1) and with small deviation on side d 
(Figure 3a and Table 1). However, the site b in 
Figure 3a shows a cobalt-rich composition 
(Figure 3a, 3b, and Table 1), which 
presumably is part of the more complex oxide 
phases leading to the multiple phase 
composition of the specimen. 
 
 
 
Figure 3: (a) TEM bright field image on three 
sites (b, c, and d) of one particle of the 
Ba0.8Sr0.2Co0.8Fe0.2O3-δ powder calcined at 
1000 °C for 10 hours in air and furnace cooled, 
(b) and (c) present the chemical elemental 
information by EDXS of site b and site c, 
respectively. 
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Table 1: Local chemical compositions of each 
site (b, c, and d) of Figure 3a by showing metal 
ions in atomic percentage, on one particle of 
the Ba0.8Sr0.2Co0.8Fe0.2O3-δ powder calcined at 
1000 °C for 10 hours in air and furnace cooled. 
 
 
 
Ba 
(atm%) 
 
 
Sr 
(atm%) 
 
 
Co 
(atm%) 
 
 
Fe 
(atm%) 
 
nominal 40 10 40 10 
b 14 4 78 4 
c 39 11 39 11 
d 36 12 41 11 
 
In a detailed STEM high angle annular dark 
field (HAADF) micrograph in Figure 4, this 
cobalt-rich and Ba-/Sr-/Fe-depleted area is 
more pronounced. It becomes evident that the 
chemical constituents are not homogeneously 
distributed across the grain. The alkali earth 
deficient site b of the grain shows a higher Co 
concentration than the nominal composition. 
Combining the XRD data, we confirm that the 
crystalline phase of this composition after slow 
cooling to room temperature is not pure, but 
multiple phases exist in this specific 
composition, even locally in one grain. We can 
conclude that the Ba-rich composition 
Ba0.8Sr0.2Co0.8Fe0.2O3-δ of the BaxSr1-
xCoyFe1-yO3-δ system undergoes a phase 
transformation at intermediate temperatures 
with local demixing of the cations and ordering 
of the oxygen vacancies. With the ordering and 
disordering states of oxygen vacancies, many 
oxides show different phases from 
brownmillerite (ordering) to cubic (disordering) 
perovskite phase, e.g., Ca2AlFeO5, Bi2O3, 
La2Mo2O9, and Ba2In2O5.
26-29
 Here, an oxygen 
vacancy related phase transition was also 
found in the Ba0.8Sr0.2Co0.8Fe0.2O3-δ 
composition, in similar cobalt-containing 
perovskites, and in SrCo0.8Fe0.2O3-δ.
30,31 
A possible pathway of the transition from 
cubic perovskite to hexagonal has been 
reported already earlier.
19,20
 The cubic ABO3 
perovskite consists of AO3 layers arranged in 
cubic-close packing perpendicular to the [1,1,1] 
cubic zone axis. B-cations occupy the 
octahedral holes and octahedra generate a 
three dimensional corner-sharing array. The 
shear of some AO3 layers inducted by the 
change of valence and spin-state of cobalt 
leads to the formation of hexagonal-close 
packing. Furthermore, the complex 
reconstructive transformations influenced by 
cation demixing occurred during the slow 
cooling of BSCF. Recently, Yi et al. reported 
high creep rates of Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
controlled by cation diffusion.
32
 Hence, the high 
cation mobility delivers a possible explanation 
for the phase transition into compounds with 
non-perovskite compositions via complex 
pathways. However, we want to point out that 
the phase transformation is reversible in a 
rather short time of ca. 1 hour as evidenced by 
the dilatometer measurements. As oxygen 
vacancy mobility is rather fast in this material, 
the latter points towards a phase 
transformation due to the fast rearrangement 
of oxygen vacancies. 
 
 
 
Figure 4: Scanning transmission electron 
microscopy (STEM) high angle annular dark 
field (HAADF) image (a) and the elemental 
distributions by EDX mapping (b-f) on the 
same particle of the Ba0.8Sr0.2Co0.8Fe0.2O3-δ 
powder calcined at 1000 °C for 10 hours in air 
and furnace cooled as shown in Figure 3. 
 
The change in oxygen content of the 
sintered bulk specimen (furnace cooled) during 
two heating and cooling cycles from room 
temperature to 1000 °C is shown in wt.% in 
Figure 5. The initial oxygen content at room 
temperature was taken as 3-δ = 2.48 
referenced from the similar composition 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ in the literature.
33
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Figure 5: (a) Oxygen stoichiometry and (b) 
DTA signal of Ba0.8Sr0.2Co0.8Fe0.2O3-δ as a 
function of temperature in synthetic air. 
 
In the first heating cycle, the oxygen 
content of the sample continuously decreases 
with increasing temperature. An abrupt oxygen 
loss of 1 wt.% was observed in a rather small 
temperature interval of 20 °C between 880 and 
900 °C upon heating. During further heating 
the sample further loses oxygen. Upon cooling 
from 1000 °C, the sample re-oxidizes with 
decreasing temperature down to 800 °C when 
an abrupt oxygen gain occurs. With further 
cooling more oxygen is incorporated into the 
material. The second thermal cycle shows 
similar behavior as the first thermal cycle 
including the hysteresis behavior in the 
temperature regime from 800-900 °C. The 
abrupt oxygen changes are accompanied by 
endo- and exothermic signals as shown in 
Figure 5b. Upon heating the onset temperature 
is 855 °C and an onset temperature is 820 °C 
for the exothermal event during cooling. Such 
a reversible phase transformation was reported 
for a similar cobalt-containing oxide 
BaSrCo2O5 already earlier.
34
 The Fe-free 
BaSrCo2O5 transforms from a cubic symmetry 
below 900 °C into a rhombohedral phase upon 
cooling. The temperatures of endothermic and 
exothermic reactions are very similar for both 
Ba0.8Sr0.2Co0.8Fe0.2O3-δ and BaSrCo2O5. 
 
 
 
Figure 6: The electrical conductivity of the bulk 
specimen Ba0.8Sr0.2Co0.8Fe0.2O3-δ in air at a 
rate of 1 °C/min. Note the discontinuity of the 
conductivity at 895 °C upon heating and at 790 
°C upon cooling. 
 
The electrical conductivity of a sintered bulk 
specimen bar (furnace cooled) as a function of 
temperature in air is shown in Figure 6 during 
three heating and cooling cycles. The electrical 
conductivity increases with increasing 
temperature, and reaches a maximum at 670–
710 °C and then decreases upon further 
heating to 895 °C where a sharp discontinuity 
of the conductivity can be observed. The 
electrical conductivity does not change much 
with further heating up to 1060 °C. The 
discontinuity in electrical conductivity starts at 
895 °C upon heating and at 790 °C during 
cooling. The maximum electrical conductivity 
occurs at 660 °C in the cooling cycles, and 
increases with the number of cycles. During 
the cooling cycles identical conductivities were 
observed. In the temperature range between 
room temperature and 660 °C the material 
exhibits p-type semiconductivity, which can be 
described as a small polaron hopping 
mechanism at elevated temperatures.
13, 15, 35
 It 
then undergoes a transition above 660 °C to 
metal-like conductivity. The latter can be 
understood when considering the increasing 
overlap of the transition metal d orbitals and 
oxygen p orbitals as already reported earlier.
15
 
The sharp discontinuity in the conductivity 
upon heating at 895 °C correlates with the 
phase transitions from mixed hexagonal and 
rhombohedral phases to the cubic symmetry 
2.3 Oxygen-vacancy related structural phase transition of Ba0.8Sr0.2Co0.8Fe0.2O3-δ  
47 
and is correlated with the abrupt oxygen loss at 
the same temperature shown in Figure 5a. The 
corresponding DTA signal (see Figure 5b) is 
endothermic. Obviously oxygen vacancies are 
formed and the transition metal cations (mainly 
Co) become reduced changing their radii.
36
 
This leads to the phase change from mixed 
hexagonal and rhombohedral phases to the 
cubic symmetry. The state of oxygen 
vacancies, being ordered (rhombohedral and 
hexagonal phases) or disordered (cubic phase) 
in the lattice, obviously plays a crucial role on 
the electrical conductivity and presumably on 
the oxygen ion conduction. However, the 
transition from ordered to disordered vacancy 
states cannot explain the discontinuity in the 
conductivity alone, e.g., at 895 °C upon 
heating as it is shown in Figure 6. 
 
 
 
Figure 7: Relative length change of the bulk 
ceramic specimen of Ba0.8Sr0.2Co0.8Fe0.2O3-δ as 
a function of temperature in air with two 
thermal cycles at a rate of 1 °C/min. 
 
In order to elucidate this point further, we 
will now consider the relative length change of 
the ceramic specimen during heating and 
cooling cycles. Figure 7 shows the relative 
length change of the specimen during two 
subsequent heating and cooling cycles. 
Besides the usual length increase upon 
heating due to thermal and chemical 
expansion of 15.6×10
-6
 (1/°C), the material 
expands abruptly between 790-890 °C, with an 
onset at 850 °C during heating and contracts 
upon cooling with an onset at 790 °C. The 
onset temperature becomes slightly shifted to 
higher temperatures during the second cycle. 
The abrupt length change is  0.4% linear 
corresponding to 1.2 vol.%. After thermal 
cycling the specimen was still mechanically 
intact but exhibited many microcracks in the 
microstructure as it is shown in the optical 
micrograph in Figure 8. 
 
   
 
Figure 8: Microcracks in the 
Ba0.8Sr0.2Co0.8Fe0.2O3-δ ceramic specimen bar 
predominantly running parallel to the long side 
of the specimen after 10 thermal cycles 
between room temperature and 1000 °C in air. 
(Optical micrograph, scale bar = 1 mm). 
 
The redox-reaction of the transition metals 
between 700 and 900 °C causing the phase 
change leads to mechanical stresses 
exceeding the strength of the material and 
therefore cause microcracks in the 
microstructure of the ceramic which were 
observed on the surface of 
La0.5Sr0.5Co0.5Fe0.5O3-δ as well reported by Lein 
et al. 
37
 They attributed this mechanical 
fracture to the considerable stress gradients 
developing in the materials due to gradient in 
oxygen concentration or valance of Co.
37
 
Therefore, the crack formation reported here 
does not necessarily come due to the phase 
transition, but might be caused by the 
considerable chemical expansion (oxidation of 
Co/Fe) during cooling. The hysteresis and the 
discontinuity of the electrical conductivity are a 
direct consequence of the disintegration of a 
coherent microstructure in this material. 
 
4. Conclusions 
 
The Ba0.8Sr0.2Co0.8Fe0.2O3-δ composition of 
the BaxSr1-xCoyFe1-yO3-δ system shows a cubic 
symmetry (a = 4.044 Å) at 1000 °C when 
synthesized in air that can be retained in a 
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metastable state at room temperature upon 
quenching. During slow cooling, the material 
transforms at 790 °C into a mixed phase state 
characterized by cubic, hexagonal, and 
rhombohedral symmetries. The latter exhibits a 
lamellar structure, sometimes coexisting with 
areas of cubic symmetry in the same grain. 
The phase change is reversible and associated 
with the oxidation and reduction of the 
transition metal cations (mainly Co). The phase 
change is associated with a rather abrupt mass 
change of 1 wt.% corresponding to a ∆δ = 0.14 
in the formula unit. The redox-reaction of the 
transition metal cations cause a reversible 
volume change of ~1.2 vol.% of the ceramic 
specimen leading to microcracks in the 
microstructure during thermal cycling. From 
room temperatures to ~670 °C the material 
shows small polaron hopping p-type 
semiconductivity up to 180 S/cm changing then 
to a metal-like conductivity. The conductivity is 
abruptly reduced by the microcracks forming 
when the material transforms into the cubic 
symmetry at temperatures above 900 °C. 
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3 Novel cobalt-free perovskite for 
intermediate temperatures applications 
3.1  Summary 
This chapter introduces a cobalt-free oxygen-permeable perovskite-type oxide with the novel 
composition (Ba0.5Sr0.5)(Fe0.8Cu0.2)O3-δ (denoted BSFCu). This material was designed to be an 
alternative to Co-based perovskites (e.g., BSCF), which suffer from inherent phase instabilities in the 
intermediate temperature range (773-1073 K; see Chapter 2). 
The sol-gel route was applied to synthesize the BSFCu material. XRD and TEM investigations 
revealed that this system crystallizes in the cubic perovskite structure. Furthermore, in-situ XRD 
experiments, carried out between room temperature and 1227 K, proved that the BSFCu perovskite 
remained in a cubic structure over the whole temperature range. The coefficient of thermal expansion 
(CTE) of the BSFCu was estimated by high resolution in-situ XRD to be ca. 16×10
-6
 K
-1
 between room 
temperature and 773 K and ca. 23×10
-6
 K
-1
 between 773 K and 1173 K, providing a lower dilatation in 
the intermediate temperature range compared with the CTE values of cobaltites and BSCF. The 
transport properties of the BSFCu membrane material were studied by measurements of electrical 
conductivity using the four-probe method and oxygen permeation. A maximum in BSFCu electrical 
conductivity of 45 S cm
-1
 was observed at 890 K, which is just as good as the electrical conductivity of 
the BSCF material. With regard to the oxygen ionic conductivity, the BSFCu material exhibited the 
highest permeation flux of all known cobalt-free materials. The permeation flux of BSCF perovskite, 
however, remains unrivalled. 
Long-term stability of the BSFCu membrane was proven using time-dependent oxygen permeation 
experiments at 1023 K and compared with the performance of state-of-the-art BSCF material at the 
same conditions. It was clearly shown that BSFCu perovskite is preferable for intermediate 
temperature applications, as compared with BSCF, because of its improved inherent phase stability. 
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4 Intolerance of alkaline earth-containing 
perovskite against CO2 
4.1  Summary 
For numerous applications, where some CO2 is present in a gaseous atmosphere, the alkaline 
earth-containing MIEC materials could not sustain their phase stability and oxygen transport properties 
because of the formation of carbonates. This chapter summarizes the poisoning effect of CO2 on 
Ba(CoxFeyZrz)O3-δ and (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3-δ oxygen-transporting perovskites, which were 
developed to be an alternative to BSCF cobaltite because of their beneficial thermal and mechanical 
stabilities.  
Section 4.2 demonstrates that the oxygen permeation performance of a Ba(CoxFeyZrz)O3-δ hollow 
fiber membrane was almost stopped after a dwell time of 30 minutes when 10 vol.% CO2 was present 
in the sweep gas. To gain a deeper understanding of the processes occurring during application in 
CO2-containing atmospheres, in-situ XRD and TEM studies were carried out on a two-phase 
perovskite having an average composition of BaCo0.4Fe0.4Zr0.2O3-δ, which is similar to that of the 
BaCoxFeyZrzO3-δ hollow fiber. The initial powder consisted of 74 wt.% BaCo0.5-γFe0.5-γZr2γO3-δ (γ = 
0.015-0.025) with a cubic perovskite structure and 16 wt.% of cubic BaZrO3 perovskite. Rapid 
formation of a high-temperature rhombohedral BaCO3 polymorph was observed after exposure of the 
CO2 at 1173 K on the costs of cobalt- and iron-containing perovskite phases. This carbonate structure 
is not quenchable and cannot be detected by ex-situ methods. Additionally, a reversible phase 
transition of BaCO3 from orthorhombic to rhombohedral to cubic was detected at different 
temperatures, accompanied by the formation of CoO and the distortion of remaining iron-containing 
perovskite. Furthermore, full regeneration of the perovskite phase was obtained after high-temperature 
treatment under CO2-free conditions. 
The (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3-δ membrane exhibited a constant oxygen permeation flux for about 
100 hours at 1023 K, while sweeping with helium gas, indicating good inherent phase stability of the 
perovskite over intermediate temperatures (Section 4.3). After insertion of CO2 in the sweep gas, the 
oxygen permeation flux collapsed immediately, as a result of the formation of a tarnishing layer on the 
membrane surface. Using XRD and TEM, a several micrometer-thick layer was found to consist of 
mixed barium, strontium carbonate, zinc oxide and distorted perovskite phases. Complete recovery of 
the oxygen flux was achieved by membrane flushing with helium at 1223 K, pointing out the full 
decomposition of the tarnishing layer and regeneration of the perovskite structure.  
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5 CO2-stable MIEC materials 
5.1  Summary 
Because the majority of high performance oxygen transporting materials contain barium and/or 
strontium, their wide application is hindered by intolerance toward CO2 due to the formation of 
carbonates. This chapter relates two original research articles concerning the development of CO2-
stable MIEC membranes.  
In Section 5.2, the calcium-containing perovskite systems La1-xCaxFeO3-δ and 
La1-xCaxCo0.8Fe0.2O3-δ (x = 0.4-0.6) are discussed with respect to CO2-stability. Thermodynamic 
considerations using an Ellingham diagram clearly revealed that calcium and lanthanum (oxy) 
carbonates are significantly less stable than barium and strontium carbonates. Hence, beneficial 
stability of calcium- and lanthanum-based materials in the presence of CO2 can be expected. Because 
materials synthesized by the sol-gel method contain more calcium (x = 0.5-0.6), as exhibited by the 
considerable amount of by-phases (e.g., brownmillerite and/or spinel), further detailed investigations 
were carried out only on the first member of the systems (x = 0.4). The orthorhombicly distorted 
(La0.6Ca0.4)FeO3-δ and rhombohedrally distorted (La0.6Ca0.4)(Co0.8Fe0.2)O3-δ perovskites showed 
relatively high oxygen permeation fluxes, which could be improved by about 50% via the asymmetric 
configuration using a porous support and an approximately 10 µm thick dense layer with the same 
chemical composition. In-situ XRD in an atmosphere containing 50 vol.% CO2 and experiments using 
pure CO2 as the sweep gas revealed a high tolerance of Ca-based materials toward CO2.  
The concept of alkaline-earth-free dual phase membranes provides an alternative solution of the 
CO2-intolerance problem. Improved stability against carbonate formation can be expected if both 
phases are made from oxides, which contain only transition metals and/or lanthanides caused by the 
low affinity of both groups of elements toward CO2.  
Section 5.3 introduces a novel dual phase material consisting of 40 wt.% NiFe2O4 with spinel 
structure and 60 wt.% Ce0.9Gd0.1O2-δ with fluorite structure prepared by a one-pot sol-gel method. The 
MIEC properties of the membrane arise from two interpenetrating percolated networks of spinel phase 
as the electronic conductor and fluorite phase as the solid state electrolyte. In-situ XRD and TEM 
investigations showed that both phases were well separated and do not interact at high temperatures, 
but remained in their initial structures. The presented dual phase membrane exhibited very good CO2-
stability, as proven by in-situ XRD and long-term oxygen permeation measurements in the presence of 
CO2.  
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Abstract 
 
Perovskites (La1-xCax)FeO3-δ and (La1-xCax)(Co0.8Fe0.2)O3-δ with varying La and Ca contents (x = 
0.4-0.6) were designed by sol-gel route as model membrane materials to be an alternative to Ba- and 
Sr-based systems for operation in the presence of CO2. It was found that only the first members of the 
systems with x = 0.4 consisted of almost pure perovskite phases. The materials containing more Ca (x 
= 0.5-0.6) exhibited a considerable amount of by-phase material, such as brownmillerite and/or spinel, 
after calcination at 1223 K. The orthorhombicly distorted (La0.6Ca0.4)FeO3-δ and rhombohedrally 
distorted (La0.6Ca0.4)(Co0.8Fe0.2)O3-δ perovskites showed relatively high oxygen permeation fluxes at 
1223 K of 0.26 cm
3
min
-1
cm
-2 
and 0.43 cm
3
min
-1
cm
-2
,
 
respectively. The oxygen-ionic conductivity of the 
materials was improved by about 50% via an asymmetric configuration using a porous support and an 
approximately 10 µm thick dense layer with the same chemical composition. In-situ XRD in an 
atmosphere containing 50 vol.% CO2 and long-term oxygen permeation experiments using pure CO2 
as the sweep gas revealed a high tolerance of Ca-based materials toward CO2. Thus, we suggest that 
Ca-containing perovskite can be considered promising membrane materials if operation in the 
presence of CO2 is required.  
 
Keywords: Mixed ionic-electronic conductor; perovskite, CO2-stability, asymmetric membrane; in-situ 
X-ray diffraction; transmission electron microscopy 
 
 
1. Introduction 
 
Over the last two decades, mixed oxygen 
ionic and electronic conductors (MIEC) have 
attracted a lot of attention. Because of their 
very high oxygen-ionic transport rates over a 
wide temperature range, the Ba- and Sr-
containing perovskites [e.g., (Ba1-
xSrx)(Co0.8Fe0.2)O3-δ and (La1-xSrx)(Co1-
yFey)O3-δ] rank among the state-of-the-art 
MIEC materials [1-3]. However, the wide 
practical employment of these materials is 
hindered by significant problems, like poor 
chemical and thermomechanical stability [4-
10]. In particular, the degradation of these 
materials in the presence of CO2, with the 
formation of carbonates, [11-16] handicaps 
their application in important processes, such 
as cathode materials in solid-oxide fuel cells 
(SOFCs) operated at intermediate 
temperatures, in oxyfuel processes or in 
hydrocarbon partial oxidations, where some 
CO2 is formed as a by-product of an undesired 
deeper oxidation [17-19]. 
Tolerance against CO2 can be achieved by 
the complete replacement of Ba and Sr in the 
A-lattice site of the perovskite structure by 
rare-earth elements, like La. Unfortunately, this 
leads to a dramatic loss in the oxygen-ionic 
conductivity of the materials, as caused by a 
reduced lattice parameter, which induces lower 
oxygen mobility, and by a lower amount of 
mobile oxygen vacancies, which results from a 
higher oxidation state of the rare-earth cation 
[20]. To increase the oxygen deficiency in the 
perovskite lattice, a Ca cation with the stable 
valence state of 2+ can be regarded as a 
potential dopant.  
The stability of alkaline earth-containing 
materials in the presence of CO2 can be 
evaluated using the Ellingham diagram shown 
in Figure 1. This figure demonstrates the 
thermodynamic stability of carbonates at a 
given CO2 partial pressure and temperature.  
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Figure 1. Ellingham diagram for the decomposition of carbonates under different partial pressures. 
Chemical potential of CO2 above FeCO3, CoCO3, CaCO3, La2O2CO3, SrCO3, and BaCO3 have been 
calculated from thermodynamic data [21-23]. The chemical potential of La2(CO3)3 has been 
determined experimentally [24]. The dashed lines represent the chemical potential of CO2 in the 
surrounding atmosphere for different partial pressures. p°(CO2) = 101.3 kPa refers to standard 
conditions. 
 
The compact lines with positive slope in the 
diagram represent chemical potentials of CO2 
during the decomposition of corresponding 
carbonate, as calculated with thermodynamic 
data or determined experimentally [21-24]. The 
dashed lines give the chemical potential of 
CO2 at different partial pressures. In general, if 
the CO2 chemical potential of the carbonate 
decomposition reaction at the present 
temperature is higher than at the 
corresponding partial pressure, the carbonates 
are thermodynamically unstable. As can be 
seen in the Ellingham diagram, CaCO3 is 
significantly less stable than BaCO3 and 
SrCO3. The relatively small ionic radius of 135 
pm of the Ca
2+
 cation, as compared with Ba
2+
 
(r = 160 pm) Sr
2+
 and (r = 144 pm) cations, 
leads to a decline of the crystal lattice energy 
of carbonate and can be considered a reason 
for the lower stability of CaCO3 [25,26]. Note, 
the Ellingham diagram gives only a rough 
guide to estimate the possible tolerance of Ca-
containing perovskite materials against CO2 
because the stabilization energy of perovskite 
may also play an important role [27,28]. 
Nevertheless, the desirable stability of Ca-
containing materials in the presence of CO2 
can be expected from thermodynamic 
considerations and was reported for Ca(Ti1-
xFex)O3-δ [29]. 
Teraoka et al. have already reported a high 
oxygen permeation flux through the perovskite 
membrane with the composition 
(La0.6Ca0.4)(Co0.8Fe0.2)O3-δ in 1988 [30]. Using a 
higher Ca content, Stevenson et al. have 
obtained a very high electrical conductivity 
using (La0.4Ca0.6)(Co0.8Fe0.2)O3-δ perovskite in 
1996 [31]. Since then, however, Ca-containing 
materials have gained little notice as promising 
MIEC materials [32-34]. One reason for this 
lack of attention may be the formation of 
secondary phases, like brownmillerite and/or 
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the Grenier phase, during the preparation and 
operation of the perovskites. It has also been 
reported that this problem appears more 
pronounced with rising Ca content in the 
materials [31,35].  
Recently, the group around Teraoka has 
developed asymmetrically structured 
membranes consisting of a porous support and 
thin dense layer and having the chemical 
composition (La0.6Ca0.4)CoO3-δ [36]. The main 
advantage of self-supported membranes is a 
result of the good chemical compatibility and 
thermomechanical stability of the materials. 
The oxygen permeation flux of the 
(La0.6Ca0.4)CoO3-δ was enhanced by the 
asymmetric configuration up to 300%, which 
has yielded a value of 1.66 cm
3
min
-1
cm
-2
 [37]. 
This feature draws a spotlight on the Ca-
containing perovskites as promising candidate 
MIEC materials.  
In the present work, model perovskite 
systems (La1-xCax)FeO3-δ and (La1-
xCax)(Co0.8Fe0.2)O3-δ (x = 0.4-0.6) were 
examined regarding phase purity and stability 
in the presence of CO2. Furthermore, bulk and 
asymmetrically structured membranes were 
prepared and investigated for their oxygen-
ionic conducting properties. 
 
2. Experimental 
 
2.1 Powder preparation 
 
A sol-gel route using metal nitrates, citric 
acid, and ethylenediaminetetraacetic acid 
(EDTA) was applied to prepare the La1-
xCaxFeO3-δ and La1-xCaxCo0.8Fe0.2O3-δ (x = 0.4-
0.6) materials as described elsewhere [38,39]. 
Given amounts of La(NO3)3 and Ni(NO3)2  were 
dissolved in water followed by the addition of 
EDTA as an organic ligand and citric acid as a 
network former. The molar ratio of metal 
nitrates:EDTA:citric acid was equal to 2:1:1.5. 
The pH value of the solution was adjusted to 
the range of 7-9 with NH3·H2O. The 
transparent reaction solution was then heated 
at 423 K under constant stirring for several 
hours to obtain a gel. The gel was pre-calcined 
in the temperature range of 573-673 K in order 
to remove organic compounds, followed by 
calcination for 10 h at 1223 K in air. 
 
2.2 Preparation of bulk and asymmetric 
membranes 
To obtain the bulk membranes, the 
powders were uniaxially pressed under 140-
150 kN for 20 min into green bodies. The 
pellets were then calcined for 10 h at 1423-
1523 K with a heating and cooling rate of 3 
K/min.  
The asymmetric membranes were 
manufactured as follows: the as synthesized 
powders were ground in a mortar with 20 wt.% 
of a pore former block co-polymer Pluronic F 
127 (BASF). The mixture was then press-
formed into pellets and fired at 1423 K for 2 h. 
The dense layers were obtained by spin 
coating of porous supports with 3 cm
3
 slurry 
(15 wt.% powder in ethanol), drying at room 
temperature for 5 h following by calcination at 
1423-1523 K for 2-5 h. 
 
2.3 Characterizations of materials 
 
The phase structure of the powders and 
membranes were studied by X-ray diffraction 
(XRD, D8 Advance, Bruker-AXS, with Cu Kα1,2 
radiation). Data sets were recorded in a step–
scan mode in the 2Θ range of 20°–60° with 
intervals of 0.02°. In-situ XRD tests were 
conducted in a high-temperature cell HTK 
1200N (Anton-Paar) between room 
temperature and 1273 K. Tests in the 
atmosphere containing 50 vol.% CO2 / 50 
vol.% air and 50 vol.% CO2 / 50 vol.% N2 were 
carried out with heating and cooling rate of 12 
K/min. At each temperature step, the 
temperature was held for 30 min before 
diffraction data collection.  
Scanning electron microscopy (SEM) 
imaging was performed on a JEOL JSM-6700F 
field-emission instrument at a low excitation 
voltage of 2 kV. An energy-dispersive X-ray 
spectrometer (EDXS), Oxford Instruments 
INCA-300, with an ultrathin window was used 
for the elemental analysis at an excitation 
voltage of 15 kV. 
Transmission electron microscopy (TEM) 
investigations were made at 200 kV on a JEOL 
JEM-2100F-UHR field-emission instrument (CS 
= 0.5 mm, CC = 1.2 mm) equipped with a light-
element EDXS detector (INCA 200 TEM, 
Oxford Instruments). The microscope was 
operated as scanning TEM (STEM) in high- 
angle annular dark-field (HAADF) mode. An 
energy filter of the type Gatan GIF 2001 was 
employed to acquire electron energy-loss 
spectra (EELS). 
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Figure 2. a) XRD pattern of La1-xCaxFeO3-δ (x = 0.4-0.6) powders. The calculated Bragg positions for 
orthorhombic perovskite (space group Pnma; a = 5.496 Å, b = 7.772 Å and c = 5.566 Å) are marked 
with ticks at the bottom of the figure. The intensities of non-perovskite phases are marked in the figure 
with b for Ca2Fe2O5 brownmillerite and s for Ca2FeO4 spinel. b) XRD pattern of La1-xCaxCo0.8Fe0.2O3-δ 
(x = 0.4-0.6) powders. The calculated Bragg positions for rhombohedral perovskite (space group R-3c, 
a = 5.391 Å, b = 13.263 Å) are marked with ticks at the bottom. The intensity of impurity phases are 
marked in the figure with B for Ca2Co2-yFeyO5, S for Co3O4 spinel and C for Ca3Co2-zFezO6. 
 
Specimens for electron microscopy were 
prepared as follow. First, the permeate side 
was glued with a polycrystalline corundum 
block using epoxy followed by cutting of 
membrane into 1 mm × 1mm × 2 mm pieces. 
The protected membrane pieces were polished 
on polymer-embedded diamond lapping films 
to approximately 0.01 mm × 1 mm × 2 mm 
(Allied High Tech, Multiprep). Electron 
transparency for TEM was achieved by Ar
+
 ion 
sputtering at 3 kV (Gatan, model 691 PIPS, 
precision ion polishing system) under shallow 
incident angles of 10°, 6°, and 4°.  
Oxygen permeation was measured in a 
high-temperature permeation cell according to 
the method described elsewhere [40,41]. 
Before measurements, the bulk membranes 
were polished with 30 µm polymer-embedded 
diamond lapping films. Air was fed at a rate of 
150 cm
3
 min
-1
 to the feed side; He or CO2 
(29.0 cm
3
 min
-1
) and Ne (1.0 cm
3
 min
-1
) gases 
were fed to the sweep side. The effluents were 
analyzed by gas chromatography on an Agilent 
6890 instrument equipped with a Carboxen 
1000 column. The gas concentrations in the 
effluent stream were calculated from a gas 
chromatograph calibration. The absolute flux 
rate of the effluents was determined by using 
neon as an internal standard. The relative 
leakage of O2, which was evaluated by 
measuring the amount of N2 in the effluent 
stream, was subtracted in the calculation of the 
oxygen permeation flux. 
 
3. Results and discussion 
 
3.1 Characterization of powders 
 
The Goldschmidt tolerance factors for 
perovskite systems (La1-xCax)FeO3-δ and (La1-
xCax)(Co0.8Fe0.2)O3-δ (x = 0.4-0.6) lie close to 
unity (t ≤ 1), even for various ratios of Fe
4+
/Fe
3+
 
and Co
4+
/Co
3+
/Co
2+
 cations [42,25]. 
Accordingly, it may be expected that both 
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systems crystallize in the perovskite structure. 
However, as can be seen in Figure 2a,b, only 
the first members of the systems (La1-
xCax)FeO3-δ and (La1-xCax)(Co0.8Fe0.2)O3-δ with 
x = 0.4 consisted of almost pure perovskites 
with the amount of the main phases at 97% 
and 98% respectively. The compounds with 
higher calcium contents include significant 
fractions of by-phases. For the iron-based 
system, these higher calcium contents were 
attributed to brownmillerite (Ca2Fe2O5) and 
CaFe2O4 spinel. For cobalt-based materials, 
these were indexed as brownmillerite-like 
phase Ca2Co2-yFeyO5, Co3O4 spinel and the 
layered complex oxide Ca3Co2-zFezO6. 
Brownmillerite exhibits ordered oxygen 
vacancies along the c-axis [43]. The Ca3Co2-
zFezO6 structure contains chains of face-shared 
CoO6 octahedra arranged along the c-axis [44]. 
These structures are unfavorable for oxygen-
ionic transport. For this reason, the by-phase-
containing compounds with high calcium ratios 
have not been considered for further 
investigations. 
The crystal symmetry and lattice 
parameters of the materials were determined 
by the Pawley method [45]. It was found that 
both systems showed the distorted perovskite 
structure. The (La0.6Ca0.4)FeO3-δ (LCF) 
exhibited an orthorhombic symmetry (space 
group Pnma, number of formula units per unit 
cell Z = 4), corresponding to the LaFeO3 oxide 
with lattice parameters of a = 5.496 Å, b = 
7.772 Å and c = 5.566 Å [46]. The structure of 
(La0.6Ca0.4)(Co0.8Fe0.2)O3-δ (denoted as LCCF) 
was rhombohedrally distorted (space group R-
3c, Z = 6) likewise in the LaCoO3 perovskite 
with the lattice parameters of a = 5.391Å and b 
= 13.263 Å [47].  
 
 
 
 
 
Figure 3. In-situ XRD pattern of a) La0.6Ca0.4FeO3-δ and b) La0.6Ca0.4Co0.8Fe0.2O3-δ. The data were 
collected during heating and cooling in an atmosphere containing 50 vol.% CO2 / 50 vol.% air. Ftotal = 
100 cm
3
min
-1
. 
 
The stability of the LCF and LCCF 
perovskites in different gas atmospheres and 
temperatures was investigated using an in-situ 
XRD technique. Figure 3a shows the diffraction 
pattern of LCF collected in an atmosphere 
containing 50 vol.% air and 50 vol.% CO2. 
During heating and cooling in the temperature 
range of 303-1273 K, the oxide retained its 
perovskite structure. The formation of 
carbonates or additional phases was not 
observed in the measurements. However, an 
increase in the temperature above 973 K 
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resulted in the reversible adoption of cubic 
perovskite symmetry. Table 1 summarizes the 
calculated lattice parameters and unit cell 
volumes at corresponding temperatures. The 
orthorhombicity σ decreased continuously with 
increasing temperature [48]. The crystal unit 
cell of orthorhombic perovskite growth with the 
temperature was almost independent from the 
direction. Furthermore, the transition from 
orthorhombic to cubic symmetry occurred 
without a jump in unit cell volume. Hence, the 
thermal expansion coefficient (CTE) of the LCF 
oxide could be estimated from XRD data to be 
15∙10
-6
 K
-1
.  
 
 
 
Table 1. Lattice parameters of the LCF perovskite system. The orthorhombicity σ was calculated by: 
c)c)/(a(a2σ [48]. 
  
 
Orthorhombic phase 
(Pnma, Z = 4) 
Cubic phase 
(Pm-3m, Z =1) 
         
T/ K a/ Å b/ Å c/ Å V/ Å
3 
VZ
-1
/ Å
3 
σ a V 
303  5.522 7.774 5.487 235.525 58.881 0.0065   
773 5.533 7.813 5.521 238.670 59.667 0.0021   
873 5.542 7.836 5.536 240.480 60.120 0.001   
973       3.923 60.372 
1073       3.929 60.68 
1173       3.936 61.016 
1273       3.944 61.359 
 
 
        
 
 
Table 2. Lattice parameters of the LCCF perovskite system. The degree of rhombohedral strain ω was 
determined using the relationship:
cos
6
a
c
H
H [49]. 
 
 
 
Rhombohedric phase 
(R-3c, Z=6) 
Cubic phase 
(Pm-3m, Z =1) 
        
T/ K a/ Å c/ Å V/ Å
3 
VZ
-1
/ Å
3 
ω a V 
303  5.391 13.263 333.837 55.639 5.5   
773 5.436 13.383 342.516 57.08 5.7   
873 5.449 13.411 344.819 57.46 5.6   
973 5.464 13.431 347.266 57.87 4.7   
1073 5.475 13.438 348.909 58.15 3.6   
1173      3.888 58.773 
1273      3.898 59.227 
 
 
Similar behavior was observed for the 
LCCF powder (Figure 3b). The perovskite 
material was stable over the whole 
temperature range. The reversible 
transformation of the rhombohedral to the 
cubic modification took place above 1173 K 
without a significant change of the cell volume 
per each formula unit (Table 2). The parameter 
of rhombohedral strain ω remained almost 
constant until 873 K and decreased with further 
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increasing temperature [49]. The lattice 
parameters of the LCCF perovskite unit cell 
expanded isotropically with increasing 
temperature. Thus, the CTE of the LCCF was 
evaluated from the XRD data to be 20∙10
-6
 K
-1
. 
Additionally, in-situ experiments in an 
atmosphere containing 50 vol.% N2 and 50 
vol.% CO2 were carried out for both perovskite 
systems. The LCF and LCCF oxides remained 
stable at these conditions. This result is 
evidence of the high tolerance of the Ca-
containing perovskite materials against CO2, 
as well as the desirable stability of LCF and 
LCCF at low oxygen partial pressures and 
temperatures between 303 and 1273 K.  
 
 
 
Figure 4. XRD pattern a) of the LCF 
membrane after sintering at 1523 K for 10 h; b) 
of the polished LCF membrane. c) Bragg-
positions of orthorhombic LCF perovskite. d) 
Bragg-positions of CaFe2O4.  
 
3.2 Membrane preparation and 
characterization 
 
The bulk membranes, having a thickness of 
1 mm, were prepared by uniaxial pressing and 
subsequent sintering. Gas-tight membranes 
with densities above 90% and low porosities 
were obtained only after sintering at 1523 K for 
10 h. However, in the unpolished LCF 
membrane, pronounced growth of CaFe2O4 
and La2O3 by-phases was observed by XRD, 
as shown in Figure 4a. After polishing of the 
LCF membrane, the ratio of the by-phases 
declined to a value of 3 wt.%, as determined 
by XRD (Figure 4b), which equals their amount 
in the as-synthesized powder. To elucidate 
these findings, the unpolished LCF membrane 
surface was investigated by SEM. Figure 5a 
shows an SEM micrograph from the cross-
section of the LCF membrane acquired with 15 
kV acceleration voltages. It is obvious that a 
tarnish film with average thickness of 2 µm 
was accrued on the membrane surface. 
Elemental distribution by EDXS (Figure 5b-e) 
revealed the strong accumulation of iron and 
calcium combined with the absence of 
lanthanum in the tarnish layer. Using Cliff-
Lorimer quantification, 66 at.% iron and 33 
at.% calcium of the total value of cations were 
detected in the surface film. According to 
EDXS and XRD results, the tarnish layer on 
the unpolished LCF membrane can be 
understood as a CaFe2O4 phase. Thus, it can 
be concluded that the CaFe2O4 spinel formed 
in the LCF membrane at 1523 K preferentially 
on areas near the surface. A loss in oxygen 
from the perovskite structure, as induced by 
high temperatures, may be designated as the 
possible driving force for this process [35]. A 
decline in oxygen content led to the reduction 
of iron cations and formation of stoichiometric 
Fe
3+
 compounds, like CaFe2O4. A 
stoichiometric oxide arose at the membrane 
surface because oxygen loss on the 
membrane surface occurred faster than in 
bulk. Because of poor oxygen-ionic 
conductivity, the CaFe2O4 film can be 
considered a protective layer, which prevents 
further oxygen release and further perovskite 
decomposition. In addition, this hinders the 
recovery of the perovskite structure during 
cooling. Decomposition of the LCF ceramic at 
high temperatures due to irreversible oxygen 
release can be a handicap for operation of the 
material under long-term conditions with a 
steep oxygen gradient. 
For the LCCF membrane, the formation of a 
tarnish layer was not observed by XRD or 
SEM. Traces of a Ca2Co2-yFeyO5 phase could 
be detected only with the help of XRD. These 
findings point out to the advantageous stability 
of LCCF perovskite at extremely high 
temperatures, as compared with LCF. 
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Figure 5. a) SEM micrograph from the cross-
section of the unpolished LCF membrane 
sintered at 1523 K for 10 h showing formation 
of a tarnishing layer on the membrane surface 
(15 kV excitation voltage). b-d) Elemental 
distribution by EDXs of corresponding area b) 
Fe, c) Ca, d) La. 
 
To prepare the LCCF and LCF asymmetric 
membranes, the powders obtained from the 
sol-gel synthesis were intermixed with 20 wt.% 
of block co-polymer Pluronic F 127 as a pore 
former. This material was utilized because the 
use of an organic pore former is widely applied 
for the fabrication of a porous support [50-53]. 
Then, porous membrane supports were 
constructed by press forming and calcination at 
1423 K for 2 h. Figure 6a,b shows SEM 
micrographs from the surface of LCCF and 
LCF porous supports, respectively. Obviously, 
both supports had very high porosities. The 
pore size distribution of the LCCF support 
differed from that of LCF materials. The LCCF 
support exhibited some open pores, with sizes 
of about 10 µm, alongside 0.5-3 µm large 
pores. In contrast, the pore size distribution of 
the LCF support was in the mostly 
homogenously range of 0.5-2 µm. The high 
amount of open pores leads to good air 
permeability through both supports, which was 
in the range of approximately 20-25 cm
3
min
-
1
cm
-2
 between 1123 and 1223 K.  
 
 
 
Figure 6. a,b) SEM micrographs of porous 
supports fired at 1423 K for 2 h a) LCCF, b) 
LCF. c,d) Surface of asymmetric membranes 
showing a dense layer obtained by spin 
coating and sintering c) LCCF sintered at 1443 
K for 5 h, d) LCF sintered at 1473 K for 5 h. e,f) 
Fractured surface of asymmetric membranes 
e) LCCF sintered at 1443 K for 5 h, f) LCF 
sintered at 1473 K for 5 h. Excitation voltage 2 
kV. 
 
The spin-coating method was applied to 
obtain dense membranes on the porous 
supports. Subsequently, the LCCF membrane 
was sintered at 1448 K for 5 h. Very low 
porosities and no cracks were observed in the 
membrane surface using SEM (Figure 6c). 
Despite these occurrences, slightly elevated 
nitrogen leakage was detected during oxygen 
permeation measurements. This finding 
suggests that the dense layer was not 
completely homogeneously developed on the 
porous support. The size of the grains in the 
surface layer was found to be in the range of 2-
6 µm. The LCF dense layer, shown in Figure 
6d, was also formed after sintering at 1473 K 
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for 5 h. The LCF grains in the surface layer 
were smaller than that of LCCF and amounted 
to 1-3 µm. The average thickness of the dense 
layer of both materials was about 10 µm, as 
found in SEM micrographs from the cross-
sections shown in Figures 6e,f. Both supports 
maintained their open pore structure after 
sintering. The distribution of the pore size in 
the bulk of LCCF and LCF materials after 
generation of dense layers was similar to that 
on the surface before sintering. EDXS of the 
cross-sections revealed that the LCCF dense 
layer retained its initial composition.  
 
 
 
Figure 7. EDX spectra from the surface of a 
cross-sectioned LCF membrane. a) LCF 
porous support and b) LCF dense layer 
showing the slight accumulation of Ca and Fe 
in the dense layer.  
 
A slight accumulation of calcium in the LCF 
dense layer was detected by EDXS (Figure 7), 
which is related to the formation of CaFe2O4 at 
the membrane surface. The presence of the 
by-phase in the dense layer should be critically 
viewed because the impurities cannot be 
removed by polishing. Because the formation 
of a stoichiometric by-phase on the surface of 
the LCF membrane is due to oxygen loss, 
sintering of the ceramic material in an 
atmosphere with high oxygen content may be 
considered a possible method to prevent the 
perovskite decomposition and should be 
proven in a further investigation. 
 
3.3 Measurements of oxygen permeation 
through LCCF and LCF membranes 
 
Measurements of oxygen permeation flux 
through bulk and asymmetric membranes were 
carried out in air/He gradients at temperatures 
between 1223 K and 1023 K with 50 K steps. 
Prior to the experiments, the bulk membranes 
were polished with polymer-embedded 30 µm 
diamond lapping film to achieve a uniform 
surface appearance. The tarnish CaFe2O4 
layer, which formed on the LCF bulk 
membrane after sintering, was thereby 
removed. Figure 8a shows the oxygen 
permeation fluxes of bulk and asymmetric 
membranes. For LCCF bulk membrane, a 
maximum flux of 0.43 cm
3
min
-1
cm
-2
 was 
observed at 1223 K. This value is comparable 
to that of La0.6Ca0.4CoO3-δ, as reported by 
Watanabe et al. [37]. The oxygen permeation 
flux through the asymmetric LCCF membrane 
at 1223 K was improved by 50% to a value of 
0.66 cm
3
min
-1
cm
-2
. However, this value was 
approximately two orders of magnitude lower 
than expected from the Wagner equation, 
which states that the oxygen ionic conductivity 
is limited by bulk diffusion [54]. From our 
findings, we can assume that oxygen 
permeation through the asymmetric LCCF 
membrane is also strongly controlled by 
surface exchange reactions. Furthermore, the 
value of the oxygen permeation flux through 
the present asymmetric LCCF membrane was 
2.5 times smaller than that reported by 
Watanabe et al. [37]. This result can be 
explained by the presence of low amount of 
by-phases, like Ca2Co2-yFeyO5 and Co3O4, in 
the surface layer (see discussion related to 
Figures 9,10), which diminish the active area 
for oxygen exchange on the surface, as well as 
oxygen permeation through the membrane. 
Furthermore, the inhomogeneous distribution 
of the pore size in the porous support is 
unfavorable and is caused by a reduction of 
the effective area for oxygen permeation [37]. 
The activation energy of the oxygen ionic 
conductivity for bulk and asymmetric LCCF 
membranes was determined from the 
temperature dependency of oxygen fluxes by 
an Arrhenius plot, as given in Figure 8b. 
Although the asymmetric membrane structure 
has an effect on the oxygen permeability, 
which is considerably weaker than expected, 
the activation energy of the oxygen ionic 
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conductivity was found to be half that of the 
bulk membrane. For the asymmetric LCCF 
membrane, the activation energy was 
determined to be 65 kJmol
-1
, compared with 
the activation energy of the bulk membrane, 
which had a value of 137 kJmol
-1
. This fact 
indicates the different rate limiting steps for 
oxygen permeation through asymmetric and 
bulk membranes. 
  
 
 
Figure 8. a) Oxygen permeation flux of 1 mm 
thick bulk membranes and asymmetrically 
structured membranes. Conditions: sweep flow 
rates: He = 29 cm
3
min
-1
,
 
Ne =1 cm
3
min
-1
; feed 
flow rates: 150 cm
3
min
-1
 synthetic air (80 vol.% 
N2, 20 vol.% O2,). b) Arrhenius presentation of 
oxygen permeation. 
 
The activation energy for bulk LCCF 
membrane corresponds to the value that was 
calculated by Carter et al. from self-diffusion 
coefficients as a function of temperature [50]. 
Moreover, if activation energy is determined 
from the temperature dependency of surface 
exchange coefficients, it is around 70 kJmol
-1
 
[55]. Accordingly, we can assume that the 
oxygen surface exchange reaction is the rate 
limiting step for the asymmetric membrane. In 
contrast, oxygen permeability through a bulk 
membrane is limited by bulk diffusion. 
The LCF material exhibited an oxygen 
permeation of 0.26 cm
3
min
-1
cm
-2
 at 1223 K for 
the bulk membrane and 0.36 cm
3
min
-1
cm
-2
 for 
the asymmetric membrane at 1223 K (Figure 
8a). The activation energies for bulk and 
asymmetric membranes were calculated to be 
215 kJmol
-1
 and 91 kJmol
-1
,
 
respectively. It can 
be concluded that oxygen permeation through 
the bulk membrane is controlled by diffusion 
and by surface exchange reaction for the 
asymmetric membrane. Relatively low flux 
through the asymmetric LCF membrane can 
be explained by the accumulation of an 
CaFe2O4 phase in the surface layer during 
preparation.  
 
3.4 Stability of LCCF material against CO2 
 
To examine the stability of Ca-containing 
materials during operation in the presence of 
CO2, a time-dependent oxygen permeation 
experiment on 1µm thick LCCF bulk 
membrane was carried out using pure CO2 as 
a sweep gas. As can be seen in Figure 9, a 
steady state of oxygen flux was reached within 
3 h after switching the sweep gas from He to 
CO2 at 1173 K. Subsequently, the oxygen 
permeation declined from 0.27 cm
3
min
-1
cm
-2
 to 
0.16 cm
3
min
-1
cm
-2
 and maintained this value 
for 100 h. The decrease of oxygen flux at the 
start of the measurement may be explained by 
the inhibiting effect of CO2 on the surface 
exchange reaction, which hinders the release 
of oxygen from the solid surface. The fact that 
the oxygen surface exchange had various 
rates in different gas atmospheres is well 
known and has been discussed in detail 
elsewhere [56-58]. The constant oxygen 
permeation flux through the LCCF membrane 
after steady state conditions were achieved 
suggests a high tolerance of the LCCF material 
toward CO2. In contrast, the functional 
performance of Ba- and Sr-containing 
perovskites completely collapses, even at 
lower CO2 partial pressures, after a very short 
time. 
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Figure 9. Oxygen permeation flux of the LCCF 
bulk membrane with a thickness of 1 mm at 
1173 and 1123 K. Conditions: sweep flow rate 
He or CO2 = 29 cm
3
min
-1
,
 
Ne =1 cm
3
min
-1
; feed 
flow rate 150 cm
3
min
-1
 synthetic air (80 vol.% 
N2, 20 vol.% O2,). 
 
The LCCF perovskite also exhibited 
constant oxygen permeation performance at 
1123 K (Figure 9). This result points to the 
desirable inherent stability of LCCF alongside 
its high CO2 tolerance at temperatures below 
1173 K. The temperature of 1173 K can be 
considered critical for many Co-containing 
perovskites because they tend to form 
hexagonal distorted perovskite phases below 
this temperature [7,9,10]. The reason for this 
issue is a reduction of cobalt cations combined 
with the spin-state transition leading to a 
significant decrease in ionic radius from Co
2+
 
(high spin) = 74.5 pm to Co
3+
 (high spin) = 61 
pm, Co
3+
 (low spin) = 54.5 pm, and Co
4
+ (high 
spin) = 53 pm [25]. The small Co
3+
 (low spin) 
and Co
4+ 
cations, especially together with large 
A-site cations like Ba
2+
 and/or Sr
2+
,
 
resulted in 
a Goldschmidt tolerance factor higher than 
unity for corresponding perovskites, which is 
unfavorable for cubic and orthorhombic 
symmetries [7-9]. As mentioned in section 3.1, 
the tolerance factor for LCCF perovskite did 
not exceed the value of 1 by any ratio of 
Co
4+
/Co
3+
/Co
2+
, because of the relatively small 
ionic radii of La
3+
 and Ca
2+
 cations. 
Furthermore, the high amount of La
3+
 cations 
in the LCCF may stabilize the valence and spin 
state of cobalt in a similar way as doping of 
Zr
4+
 or Ti
4+
, which is beneficial for the delayed 
phase transition kinetics of Ba- and Sr-
containing cobaltites [10,59]. 
After the long-term oxygen permeation 
experiment, the LCCF membrane was 
quenched in a CO2 atmosphere down to room 
temperature and investigated by XRD, SEM 
and TEM methods. XRD of the permeate site 
of the membrane revealed no CaCO3 
formation. Except for traces of Ca2Co2-yFeyO5 
and Co3O4, the LCCF material was found to 
consist of rhombohedrally distorted perovskite. 
SEM examination of the fractured surface of 
the permeate side proved that neither a tarnish 
layer nor cracks were formed on the 
membrane. However, the inclusion of phases, 
which have different chemical compositions 
than LCCF perovskite, in the regions near the 
surface and in the bulk were observed by the 
STEM HAADF technique (Figure 10a) by areas 
with dark Z contrast. Selected area electron 
diffraction was applied to the area marked with 
an asterisk in Figure 10a and showed no 
perovskite structures. The intensity distribution 
of the diffraction data in Figure 10b from the 
corresponding area can be attributed to a 
brownmillerite phase with an orthorhombic 
symmetry (space group Pnma) oriented along 
the [1,0,1] zone axis. The elemental 
distribution by EDXS in Figure 10 c-f reveals 
the accumulation of calcium, combined with 
the depletion of lanthanum in this area. Using 
Cliff-Lorimer quantification, the composition of 
the brownmillerite phase was found to be 
approximately Ca2Co1.5Fe0.5O5. Furthermore, 
some additional areas in the sample, which 
contained a brownmillerite phase or cobalt 
oxide, were detected by EDXS in the LCCF 
membrane. 
Additionally, Figure 11a shows an HRTEM 
micrograph from the membrane surface, 
demonstrating the presence of two phases in 
this area. The phase on the left-hand side 
exhibited lattice fringes with a separation 
distance of approximately 7.4 Å, which 
corresponds to the (020) planes of the 
brownmillerite phase. The EEL spectra, which 
were acquired from both phase areas marked 
in Figure 11a, showed lanthanum-M4,5, cobalt-
L2,3, iron-L2,3, and oxygen-K ionization edges 
(Figure 11b,c). The weak intensities of the 
lanthanum-M4,5 edge in Figure 11c clearly 
reveal that the phases had different chemical 
compositions. Furthermore, unequal chemical 
environments of the cations in these phases 
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were detected via analysis of the O-K energy-
loss near edge structure (ELNES), which is 
sensitive to cation coordination, valence, and 
spin-state [8,60]. The O-K ELNES in Figure 
11d is typical for perovskite oxides [38,39]. In 
contrast, the pattern of the O-K ELNES in 
Figure 11e cannot be attributed to a perovskite 
structure. According to HRTEM and EELS 
experiments, the phase in the LCCF 
membrane surface shown in Figure 11a can be 
indexed as brownmillerite and perovskite 
oxides. The presence of lanthanum traces in 
the brownmillerite phase may be explained by 
the limited substitution of calcium due to similar 
ionic sizes [25].  
 
 
 
Figure 10. a) STEM-HAADF micrograph of the 
permeate side of an LCCF membrane 
quenched in the presence of CO2. b) SAED 
pattern from the area marked with an asterisk 
in a). c-f) Elemental distribution by EDXS of the 
area shown in a. c) Co, d) Ca, e) Fe, f) La. 
 
Because the traces of brownmillerite and 
cobalt oxide were observed in the as-prepared 
powder and in the sintered ceramic, we 
assumed that the formation of foreign phases 
in the LCCF membrane was not due to 
operation in a CO2-containing atmosphere. 
The non-perovskite phases developed during 
the synthesis of LCCF materials and sintering 
of the ceramic, which is a general problem of 
this type of solid solutions. Nevertheless, Ca-
based materials can be considered promising 
for operation in the presence of CO2, as LCCF 
ceramics exhibit stable functional performance 
in CO2-containing atmospheres and no 
carbonate formation was observed by different 
analytical methods. 
 
 
 
     
 
Figure 11. a) HRTEM micrograph showing two 
different phases on the cross-sectioned 
permeate side of LCCF membrane quenched 
in the presence of CO2. b,c) EEL spectra from 
the areas marked in (a). d,e) O-K ELNES from 
the areas marked in (a). 
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Table 3. Comparison of oxygen permeation 
flux through several relevant MIEC materials 
under CO2-free conditions; sweep flow rates: 
He = 29 cm
3
min
-1
,
 
Ne =1 cm
3
min
-1
; feed flow 
rates: 150 cm
3
min
-1
 synthetic air (80 vol.% N2, 
20 vol.% O2,). 
 
 
 
J(O2)/ 
cm
3
min
-1
cm
-2 
 
 
1073 K 
 
1173 K 
 
(Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ
*
 1.48 2.26 
 
(La0.4Sr0.6)(Co0.8Fe0.2)O3-δ
*
 0.31 0.61 
 
La2NiO4+δ 0.22 0.38 
 
(La0.6Ca0.4)(Co0.8Fe0.2)O3-δ 
(LCCF) 0.08 0.27 
 
(La0.6Ca0.4)FeO3-δ (LCF) 0.02 0.16 
   
 
* Useable only under CO2-free conditions  
 
3.5 Comparison of the oxygen permeation flux 
through LCCF and LCF perovskite with 
established MIEC materials 
 
To evaluate whether Ca-containing 
perovskites are candidate membrane 
materials, the oxygen permeation flux through 
LCCF and LCF bulk membranes were 
compared with that of established MIEC 
materials. Table 3 summarizes the oxygen 
permeation fluxes of relevant MIEC 
membranes with equal thicknesses of 1 mm. 
These experiments were conducted under the 
same conditions as for our measurement 
setup. Obviously, the LCCF and LCF 
membranes exhibited lower oxygen 
permeation fluxes compared with Ba- and/or 
Sr-containing materials, as well as La2NiO4+δ. 
Nevertheless, Ba- and/or Sr-containing 
membranes cannot be operated in the 
presence of CO2 because of the formation of 
(Ba,Sr)CO3. The tolerance of La2NiO4+δ 
material toward CO2 is just as desirable as that 
of our presented LCCF and LCF membranes. 
In terms of electrical conductivity, however, 
Ca-containing materials clearly exceeded 
La2NiO4+δ [31,61,62]. Thus, we propose that 
Ca-based perovskites can be considered 
promising membrane materials for operation in 
CO2-containing atmospheres, especially when 
high electrical conductivity is required as, for 
example, with cathode material applications in 
SOFCs [63,64].  
 
4. Conclusions 
 
(La1-xCax)FeO3-δ and (La1-xCax)(Co0.8Fe0.2) 
O3-δ (x = 0.4-0.6) perovskite systems were 
fabricated as alternative materials to Ba- 
and/or Sr-based perovskite for operation in the 
presence of CO2. Because only the first 
member of the systems with low Ca content 
(x=0.4) consisted mainly of a perovskite phase, 
these were investigated regarding chemical 
stability and oxygen ionic conducting 
properties. The La0.6Ca0.4FeO3-δ (LCF) 
perovskite was found to be orthorhombically 
distorted, adopting a cubic symmetry at 
temperatures above 1173 K. The lattice 
symmetry of La0.6Ca0.4Co0.8Fe0.2O3-δ (LCCF) 
perovskite was reversibly transformed from 
rhomohedral to cubic above 873 K. 
Furthermore, in-situ XRD experiments in the 
CO2-containing atmosphere reveal the high 
tolerance of both materials toward CO2, as 
expected from the thermodynamic 
considerations. The bulk and self-supported 
asymmetrically structured membranes were 
designed from both materials. Here, the LCF 
material was found to not be stable at 
extremely high temperatures because of the 
formation of a tarnish layer consisting of 
Ca2FeO4 spinel during sintering at 1523 K. The 
bulk LCCF membrane exhibited an oxygen 
permeation flux with a maximal value of 0.43 
cm
3
min
-1
cm
-2
 at 1223 K. The flux of 0.66 
cm
3
min
-1
cm
-2
 through asymmetric membranes 
with a dense layer thickness of about 10 µm 
was found to be two orders of magnitude lower 
than the value expected from theoretical 
calculations. The activation energies of oxygen 
ionic conductivity of bulk and self-supported 
membranes were determined to be 137 
kJmol
-1
 and 65 kJmol
-1
, respectively. These 
results point out that oxygen permeation 
through a bulk membrane is limited by self-
diffusion. In contrast, the limiting step for the 
oxygen permeation performance of asymmetric 
membranes lies in the surface exchange 
reaction. Similar behaviors were also observed 
for the LCF membrane. Additionally, the 
relatively low oxygen permeation flux through 
asymmetric membranes can be explained by 
the accumulation of impurities, like 
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brownmillerite and spinel phases, in the 
surface layer, as well as by the poor 
distribution of pore sizes in the porous support. 
The LCCF bulk membrane showed a constant 
oxygen permeation performance during long-
term operation in the presence of CO2. No 
formation of carbonate was detected in the 
membrane after testing for 100 h at 1173 K 
and for 60 h at 1123 K. Therefore, both the 
high tolerance against CO2 and good inherent 
phase stability of the LCCF was confirmed. 
Thus, we propose that Ca-containing 
perovskites, LCCF, can be considered 
alternative membrane materials to Ba- and/or 
Sr-based perovskite for operation in CO2-
containing atmospheres. The synthesis and 
sintering conditions, however, should be 
optimized to prevent the formation of non-
perovskite phases, which are primarily critical 
for performance of an asymmetrically 
structured membrane.  
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